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ABSTRACT
Gao, Si, Ph.D., May 2020

Forest & Conservation Sciences

Influence of locally produced wood biochar on soil nitrogen and phosphorus
dynamics in the Northwestern US
Chairperson: Dr. Thomas H. DeLuca
Wildfire cause a rapid and sometimes dramatic loss of carbon and nitrogen from
forest ecosystems, but it also leaves behind ash and charcoal on the soil surface, both of
which affect soil properties, processes, and function. Some of these effects may be
induced by applying charcoal or biochar to surface soils. Biochar is the term given to the
carbon rich product of thermochemical decomposition of organic material in an oxygen
limited environment that is explicitly intended for soil application. Producing biochar
from wood residues from timber harvest and applying it to nearby soils may represent a
means of reducing carbon emissions associated with wood residue management while
providing an innovative approach to potentially improving soil fertility and plant
productivity. To date, few studies have been conducted as a part of a holistic closed loop
system across ecosystems. The purpose of this dissertation was therefore to improve our
understanding of how locally produced wood biochar influences soil nitrogen (N) and
phosphorus (P) dynamics in organic agriculture, temperate forest, and semi-natural
rangeland ecosystems in the Northwestern US. Several key findings from the experiments
conducted at sites in WA and MT include: (1) Applying wood biochar alone on a
relatively fertile agricultural soil generally had a neutral effect on soil N turnover, but by
contrast, biochar increased soil nitrification and N mobility in a natural, organic rich
rangeland ecosystem; (2) Combining wood biochar with an organic fertilizer created
positive synergistic effects on soil N cycling rates and availability while reducing N
leaching potential; (3) Soil P bioavailability was generally increased by wood biochar
application regardless of ecosystem type or the combined use of fertilizer. This result
appeared to be primarily a function of biochar characteristics and potentially associated
with abiotic P mobilization processes rather than biotic mechanisms; (4) Slight acidic
soils benefit from wood biochar the most at their multi-functionality in N or P cycling
compared to pH neutral or alkaline soils; (5) Wood biochar immediately accelerated
solution N flux rates in the charosphere of temperate mixed-forest soil that features a
sandy loam texture and neutral pH, a result highlighting the uncertainty in, and the
dynamism of, the responses of nutrient pools and fluxes to biochar additions across
different scales; and (6) Wood biochar did not impart any negative impacts on soil
processes examined in these studies. Overall, this work provides an important
contribution to our collective knowledge of the value and function of locally produced
wood biochar as a bio-enhancing soil amendment for ecosystem nutrient management in
the Northwestern US.
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DISSERTATION OVERVIEW
Biochar is a carbon (C) rich, solid material that is generated from the pyrolysis or
thermochemical decomposition of organic material in an oxygen limited environment that
is explicitly intended for soil application (Lehmann 2007). The C-dense nature of biochar
combined with its unique resistance to decomposition and its utility as a potential
byproduct of energy generation has resulted in it being discussed as a means of abating
climate change by sequestering C (Kleber et al. 2015); the morphological characteristics
of biochar has also been demonstrated to alter soil hydrological or other properties that
subsequently affect soil nutrient transformations (DeLuca et al. 2015; Gao & DeLuca
2016). Therefore, producing biochar from timber harvest residues and applying it to
nearby soils may represent a means of addressing forest harvest residual management in
the western US while providing an innovative approach to improve soil fertility and plant
productivity (McElligott et al. 2011; Gao et al. 2016).
Although a large number of studies have reported the response of soil biota and
aboveground vegetation to biochar addition in managed systems, most of these studies
have been conducted in a greenhouse, growth chamber, or laboratory environment that
limits the validity and applicability of the findings; longer-term field trials have often
been conducted at agricultural experimental stations using commercial biochar and
conventional farming approaches. To date, very few studies have been conducted as a
part of a holistic closed loop system that examine the direct link of on-site produced
biochar using local feedstocks to on-site applications associated with organic farming
systems (DeLuca & Gao 2019). Fewer studies yet have investigated how soluble nitrogen
(N) fluxes (i.e. inorganic N and amino N) change through time and space on a biocharsoil interface at a fine scale (termed “charosphere”, soil immediately surrounding
biochar, Quilliam et al. 2013). We also have little understanding of the ecological
functions of wood biochar on soil processes in western rangeland ecosystems that feature
a more complex plant communities and relatively low external nutrient inputs (van de
Voorde et al. 2014). Therefore, the purpose of this dissertation research is to evaluate the
efficacy of wood residue biochar as a soil amendment in organic agriculture and
rangeland ecosystems. Specifically, the research presented in this dissertation aims to
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provide an improved understanding of the effects of locally produced wood biochar on
soil N and phosphorus (P) dynamics and thereby highlight the potential for biochar as a
soil amendment in future agricultural and forest management practices.
The dissertation comprises five primary research papers with Chapter 1 written
to summarize and analyze previous findings on the influence of biochar on soil N and P
availability in agricultural ecosystems at a global scale (Gao et al. 2019); Chapter 2 and
3 assess the influence of locally produced wood biochar on soil biochemical and
microbial properties and crop productivity in a well-replicated field trial established in
organic farming ecosystems of Waldron Island, WA that feature a sandy, well drained
soils (Gao et al. 2017; Gao & DeLuca 2018); Chapter 4 evaluates the fine-scale
spatiotemporal behavior of charosphere soluble N fluxes following wood biochar
additions by using a novel microdialysis technique (Gao & DeLuca 2019); Chapter 5
investigates the response of soil N and P pools and fluxes to wood biochar application to
a semi-arid, semi-natural rangeland ecosystem that features a high biodiversity and
annual water and N co-limitation (Hooper & Johnson 1999; Blank et al. 2007).
In Chapter 1 I conducted a meta-analysis of 124 published studies and found a
relatively consistent increase in soil available P and microbial biomass P (45% and 48%
average increase, respectively) in agricultural soils following biochar additions across a
full range of biochar characteristics, soil types, and experimental conditions. By contrast,
biochar had an overall negative effect on the accumulation of inorganic N in agricultural
surface soils (11-12% decrease), a result predominantly seen in greenhouse and
laboratory trials in this synthesis. Herein, the finding of a relatively consistent positive
effect of biochar on soil P across analytic methods supports recent arguments that biochar
could play a major role in P recycling and thereby offer a promising means of increasing
the efficiency of P fertilizer applications. I also found that this P benefit was particularly
pronounced for biochar produced from crop residue or manure that originally held a high
P content; produced under low temperature or when applied to a slight acidic to pHneutral soils. Nearly 60% of the variance in soil P response to biochar was explained by
biochar characteristics in this global data synthesis, suggesting that future agricultural P
management goals associated with biochar applications could potentially be fine-tuned by
manipulating the C:N ratio, feedstock, and/or pyrolysis temperature of the biochar
xii

production. Despite an overall short-term reduction in soil inorganic N in response to
biochar, I found that biochar applications in combination with organic fertilizer showed a
significant improvement in inorganic N availability. Lastly, this meta-analysis showed
that most of these responses to biochar reported in the literature were associated with
short-term laboratory and greenhouse studies that were established without cover crops
and/or designed in a way where biochar was used alone or with synthetic fertilizers, this
highlights the need for long-term field studies that qualify the effects of factor
combinations on the status of soil N and P availability, particularly those on organic
farming croplands or other natural and semi-natural agricultural systems.
In light of the findings in Chapter 1, in Chapter 2 I set up a field trial on sandy
soils of six organic farms at Waldron Island, Washington, USA to evaluate how wood
biochar produced from local timber harvest residues, used with or without a poultry litter
based organic fertilizer, alters soil nutrient cycling, availability, and consequently crop
productivity and nutrient concentrations. This field trial was established in the summer of
2016 where all six test farms grew Kabocha squash (Cucurbita maxima) as cover crops.
After five months of treatment application, I detected little response of soil N indices to
biochar, but a significant biochar effect on soil total C content, microbial biomass C, soil
P bioavailability, dehydrogenase activity, phosphatase activity, and the abundance of
phosphorus solubilizing bacteria (PSB), regardless of organic fertilizer additions. By the
end of the first growing season, I found that plots treated with biochar also produced
greater crop total dry biomass as well as greater concentrations of crop P and several
micronutrients, all of which were highly correlated with greater soil nutrient availability
under biochar treatment. These findings are in alignment with that presented in the metaanalysis of Chapter 1 where a positive soil P response is highlighted following biochar
incorporation. The observations in this study also suggest that the supplementation of soil
P bioavailability by biochar might be attributed to an increased presence of PSB
abundance and generation of phosphatase enzyme that together accelerate the biological
P cycling processes (i.e. solubilization, mineralization). Overall, this study reveals that,
producing biochar from local timber harvest residues and applying them in neighboring
agricultural sandy soils can result in a net positive effect on both agronomic conditions
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and forest health, and this strategy can be exported to other ecosystems with similar
sandy soils and fuel reduction demands.
To further investigate potential mechanisms for the improvement of soil
bioavailable P following biochar additions on sandy soils of organic farming systems that
was found in Chapter 2, I hypothesized that the unique characteristics of wood biochar
could induce changes in soil microbial communities, which would subsequently give
biotic controls on soil P bioavailability through microbial P solubilization and/or
mineralization and that this would be reflected in shifts in microbial P functional gene
abundance. Chapter 3 tests this hypothesis by using fresh soil samples collected from the
biochar field trials described in Chapter 2. Here, I assessed the effect of biochar on soil
biochemical and microbial properties, and soil microbial genes encoding synthesis of
phosphatase (phoC) and those encoding the production of small molecular weight organic
acids (involved in metal chelation and P solubilization, pqq and gcb). Using soils
collected three months following biochar additions, I observed an increase in the
bioavailability of soil P and a shift towards a bacterial-dominated community. Contrary
to my hypothesis, however, the abundance of genes dictating soil phosphatase synthesis
or organic acid production remained unaltered following biochar amendment of surface
soils. These findings suggest that the shift in P bioavailability might be predominantly
controlled by abiotic mechanisms such as moisture retention or the adsorption/desorption
of P associated with biochar-organo-mineral complexes. It is also possible that particulate
biochar, if any, increased the net sorption of phosphatase in surface soils which could be
reflected in enzyme assays as demonstrated in Chapter 2 but not in gene abundance.
Through data or literature synthesis and field experiments in organic agricultural
systems, Chapter 1-3 demonstrated a negative to neutral effect of biochar additions on
surface soil N at the plot-scale. However, there is still little understanding of how biochar
influences fine scale changes in soil solution N . In Chapter 4, I used a novel
microdialysis system to investigate and monitor the diffusive flux of free amino acids
(AA), ammonium (NH4+), and nitrate (NO3-) in the charosphere following biochar
addition to a sandy loam forest soil (collected at western Montana) over a 16-d period.
Here I assessed the effect of surface applied wood biochar (diameter less than 5 mm) or
biochar mixed into the entire soil column (~35 cm depth). Over the course of the
xiv

experiment, I found that biochar immediately stimulated localized soluble N diffusive
fluxes (all three N forms); and the vertical distribution of AA and NH4+ hotspots
gradually matched the distribution of biochar particles in the soil matrix over time.
Specifically, increases in soil AA and NH4+ concentrations were more homogeneous
along soil profile when biochar was mixed through the soil core and were more
concentrated at the surface when biochar was surface applied. By contrast, I only
observed increases in NO3- flux rates at surface soil layers following biochar addition
regardless of the application strategy, and the spatial distribution of NO3- hotspots
generally exhibited a higher degree of variation over the course of the experiment. These
observations suggest that biochar can potentially mediate changes in soil solution N
chemistry at a fine spatiotemporal scale in a temperate forest soil. These findings are
dependent upon the use of microdialysis and therefore may otherwise not be revealed in
the laboratory or field trials that are under wider spatial- or temporal-scale such as those
described in Chapter 1-3.
Given that ecosystems with higher biodiversity (i.e. closed natural system)
typically exhibit a greater ecosystem productivity, soil functional stability, and nutrient
recycling efficiency compared to agroecosystem (i.e. cropped fields) associated with
frequent external nutrient inputs with all else being equal (Chapin 1980), I hypothesized
that biochar applications to soils of a semi-natural rangeland system would generally
result in a relatively limited response to biochar additions compared to those of an
agricultural system (Chapter 1-3). To test this hypothesis, in Chapter 5, I set up a field
trial with well-replicated plots at three replicated sites at the Bandy experimental Ranch
in western Montana, USA to examine the influence and efficacy of biochar addition on
soil C storage and nutrient management. Biochar used here was produced using wood
waste from a lumber mill close to the experimental ranch and was applied to surface soils
with or without an organic fertilizer in the summer of 2018. One year following biochar
addition, despite a negative to neutral response of soil NH4+ availability, I found that
biochar used alone significantly increased soil nitrification potential, the relative
abundance of bacterial amoA gene, and the pool size of soil NO3-, yet had little effect on
the net accumulation of either soil NH4+ or NO3- below the surface soil layer over one
season. Biochar applied with an organic fertilizer had an overall neutral effect on NH4+
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availability, a similar positive effect on bacterial amoA abundance, and significantly
reduced NH4+ downward translocation compared to organic fertilizer alone. These
observations suggest a net positive response of soil N mobility and retention to biochar
application in this semi-natural system. Biochar applications were found to shift soils
towards a more fungal dominated community. Soil bioavailable P was significantly
elevated in biochar-treated soils. However, biochar used alone seemed to contribute to
greater soluble P collected below the surface soil layer, an effect slightly attenuated when
biochar was applied with organic fertilizer. It is important to note that soil of this study
site (Chapter 5) was slightly acidic. Soil pH increased from 5.7 to 6.9 in response to
biochar addition over one year, and the shift in soil pH was likely to be one of the
dominant factors governing much of my observed changes in soil responses (e.g.
nitrification potential, fungal dominance, and soil P availability). The findings in this
Chapter demonstrate that wood biochar used in combination with organic fertilizer can
help retain soil nutrients in a semi-natural western rangeland system over one growing
season, a conclusion that is somewhat in contrast to my general hypothesis but rather
similar to the findings in Chapter 1-3, despite some inconsistencies in the responses of
several specific soil indices. Finally, I suggest that changes in these soil pools and fluxes
to biochar may cascade up to other trophic groups affecting ecosystem functioning over
time.
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ABSTRACT
Biochar is a carbon (C) rich product of thermochemical conversion of organic
material that is used as a soil amendment due to its resistance to decomposition and its
influence on nutrient dynamics; however, individual studies on biochar effects on
nitrogen (N) and phosphorus (P) have proven inconsistent. Herein, we performed a metaanalysis of 124 published studies to evaluate the influence of biochar on available P,
microbial biomass P (MBP), and inorganic N (NO3- -N and NH4+ -N) in global
agricultural ecosystems. Overall, the results showed that biochar applications
significantly increased surface soil available P by 45% and MBP by 48% across the full
range of biochar characteristics, soil type, or experimental conditions. By contrast,
biochar addition to soil reduced NO3- -N concentrations by 12% and NH4+ -N by 11%, but
in most cases biochar added in combination with organic fertilizer significantly increased
soil NH4+ -N compared to controls. Biochar C:N ratio and biochar source (feedstock)
strongly influenced soil P availability response to biochar whereas inorganic N was most
influenced by biochar C:N ratio and soil pH. Biochar made from manure or other low
C:N ratio materials, generated at low temperatures, or applied at high rates were
generally more effective at enhancing soil available P. It is important, however, to note
that most negative results were observed in short-term (< 6 months) where long-term
studies (> 12 months) tended to result in neutral to modest positive effects on both P and
N. This meta-analysis indicates that biochar generally enhances soil P availability when
added to soils alone or in combination with fertilizer. These findings provide a scientific
basis for developing more rational strategies toward widespread adoption of biochar as a
soil amendment for agricultural P and N management.
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INTRODUCTION
Biochar is a carbon (C) rich, stable, solid material that is generated from the
thermochemical conversion of organic material in an oxygen limited environment that is
used as a soil amendment to improve nutrient availability and act as a stable form of C
(Lehmann & Joseph, 2015); however studies on the influence of biochar on nitrogen (N)
and phosphorus (P) availability have been inconsistent (DeLuca et al. 2015b). Biochar
can be made from any organic material, but is most often made from forest or crop
residues, and the C-rich nature and environmental persistence of biochar make it useful as
an effective soil C sink (Lehmann et al. 2011). In addition, evidence suggests that the
morphological characteristics (e.g., highly porous structure and large surface area) of
biochar can alter soil microclimate and hydrological properties which have been linked to
changes in soil microbial community and soil nutrient cycling processes (Thies et al.
2015).
Most agricultural systems are limited in their ability to supply adequate P and N
to crops (Vitousek & Howarth 1991; Galloway et al. 2008). This is primarily due to the
fact that the plant-available forms of P may be subject to sorption or precipitation
reactions rendering the P unavailable and N may be lost via leaching or gaseous
emissions. Crop plants primarily take up P in the orthophosphate anion (PO43-) form;
however, the pool of soil solution PO43- is generally extremely small and is supplied via a
larger soil inorganic P pool that must be solubilized prior to uptake and organic P that
must be mineralized to PO43- (Jones & Oburger, 2011). Similarly, N primarily exists in
organic forms that must be mineralized prior to uptake by most crop plants (Lynch, 1995)
or accessed in the amino N form by mycorrhizae in less disturbed systems. Inorganic N
(NO3- -N and NH4+ -N) is widely considered as the most important N pool for plant
uptake in agricultural ecosystems, but is also the form of N most readily susceptible to
loss. Therefore, a major goal of sustainable agricultural nutrient management is to adopt
strategies that balance mineralization rates and nutrient accumulation, but minimize
nutrient loss.
The use of biochar in agricultural systems has often been reported to enhance
plant available P (Gul et al. 2015; Gao & DeLuca 2018). Biochar application to soil may
directly or indirectly influence soil P dynamics via a range of mechanisms including: 1)
3

Altering soil pH (Xu et al. 2014); 2) Stimulating the formation of organo-mineral
complexes or alter P adsorption/desorption equilibrium (Soinne et al. 2014; Gao et al.
2016); 3) Altering P solubility by influencing microbial enzyme activities (Jones et al.
2012; Gao et al. 2017), mycorrhizal associations (Warnock et al. 2007), or microbial
production of metal chelating organic acids (De Oliveira Mendes et al. 2014). In contrast
to P, biochar additions to soil have been found induce either positive, negative, or neutral
effects on soil inorganic N availability and the mechanisms driving these changes have
been argued to be both abiotic (such as adsorption or desorption) or biotic associated with
N transformation processes (i.e. mineralization, immobilization, nitrification, fixation,
etc.) (DeLuca et al. 2015b; Gao & DeLuca 2016; Nguyen et al. 2017). Biochar
application to soil was largely reported to stimulate microbial N immobilization due to its
wide range of C:N ratios (Deenik et al. 2010). However, others have reported higher N
mineralization rates following short-term biochar incorporation, the result of which was
argued to be related to the H/C ratio of biochar, where a higher ratio of hydrogen (H) to C
represents less recalcitrant biochar which is more likely to be decomposed and thereby
release N trapped in the char into the mineral N pool (Mukherjee & Zimmerman 2013;
Pereira et al. 2015). Alternatively, the biochar additions may adsorb organic compounds
associated with litter decomposition thereby enhancing net N mineralization (DeLuca et
al. 2015b).
Although a large number of studies have examined the response of P and N
availability to biochar addition in agricultural ecosystems for the past decades, the
majority of the studies have been experimental reports involving single soil types,
biochar feedstocks, or application rates. To our knowledge, no effort has been made to
quantitatively review how biochar influences soil available P and microbial biomass P
(MBP) across a range of factors. Furthermore, syntheses exploring the influence of
biochar addition on soil N transformations have only been conducted on a limited number
of data entries that require update (Nguyen et al. 2017; Liu et al. 2018). Therefore, the
purpose of this study was to compile and analyze results from previous studies to
quantify the effect of biochar on soil available P and MBP in agricultural ecosystems and
expand on the data sources and entries used in Nguyen et al. (2017) to evaluate the effect
of biochar on agricultural soil inorganic N status.
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The specific objectives of the meta-analysis were: (1) Determine whether biochar
additions to soil generally increase soil P availability due to the P content of the biochar
and the widely reported influence on soil P equilibrium; 2) Assess the response of soil
available P, MBP, and inorganic N as influenced by biochar C:N ratio considering that
biochar with relatively high C:N ratios would lead to increased N immobilization which
would subsequently increase in soil available N resulting in low microbial P demand and
high P mineralization potential; (3) Evaluate the relationship between biochar and soil pH
following soil application of biochar due to the additional alkalinity and P precipitation
induced by alkaline metal (e.g., Ca2+) additions with biochar; (4) Evaluate the
relationship between soil MBP and soil pH given that microbial growth is generally most
suitable in soils with neutral pH ranges (Rousk et al. 2010). By conducting a
comprehensive meta-analysis focusing on the impacts of biochar on soil available P,
MBP, and inorganic N following its incorporation in agricultural soils, our goal was to
inform more rational strategies toward widespread adoption of biochar as a soil
amendment for agricultural P and N management.

METHODS
Literature search and data compilation
A detailed search of peer reviewed papers published between January 2000 and
December 2017 was conducted using the ‘Web of Science’ database using a variety of
keywords (‘biochar’ or ‘char’ or ‘charcoal’ or ‘black carbon’ or ‘pyrogenic C’ and ‘soil’).
The resulting databases were then filtered using the individual key words ‘phosphorus’ or
‘phosphate’ or ‘nitrogen’ or ‘nitrate’ or ‘ammonium’ or ‘P’ or ‘PO4’ or ‘N’ or ‘NO3’ or
‘NH4’. For each of the individual publications, the title and abstract were evaluated to
determine if they contained original data and if the study used our target soil variables.
When available, soil MBP data was recorded along with soil available P. Articles that
met the above criteria were then examined in detail prior to analysis. A minimum of three
replicates per treatment were required for the study to be included in the meta-analysis.
Reported values of soil variables were all based on surface soil (0 - 20 cm in depth). Soil
MBP had to be measured using the fumigation extraction method (Brookes et al. 1985).
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Studies associated with biochar application to forest soils, with an unknown input
quantity of biochar, or without appropriate controls were excluded from our metaanalysis. A total of 124 peer-reviewed articles published between 2000 and 2017 were
selected for further analysis. Among these papers, a total of 70 were compiled for the
analysis of agricultural soil P in response to biochar addition to soil and 64 studies were
compiled for the analysis of agricultural soil inorganic N response to biochar addition to
soil (35 studies published between 2000 and December 2015 that were used in Nguyen et
al., 2017, 29 studies published from January 2016 to December 2017 were newly
included). The locations of study sites included in this meta-analysis are presented in
Figure 1.1.
Data for soil variables measured in the identified studies (available P, MBP, NO3-N, and NH4+ -N) were recorded from the publications and consisted of the mean and
standard error of both the control and the treatment. The following data were recorded
from the identified studies to assess the factors that influence the effect of biochar on soil
available P, MBP, NO3- -N, and NH4+ -N,: 1) biochar characteristics (biochar feedstock,
C:N ratio, and pyrolysis temperature); 2) soil properties (soil texture and pH); 3) other
factors including biochar application rate, biochar residence time in soil, study type,
additional fertilizer, and cover crops. If data were only presented in figures of the
identified articles, a software Plot Digitizer (www.plotdigitizer.sourceforge.net) was used
to ‘extract’ data from those figures. Whenever an article reported multiple independent
manipulative experiments (e.g. two experiments at separate locations), each experiment
was considered as an independent study and incorporated into our dataset. If one article
contained results from multiple sampling dates and soil depths, measurements of the
latest sampling time and the uppermost soil layer were used.
Data were standardized to the same units for comparison. Biochar application rate
data were all converted to metric tons per hectare (t ha-1) using the bulk density of the
study soil and soil depth to which biochar was applied. Soil pH data, where available,
were used if determined in water or CaCl2, with the data converted to pH (H2O)
according to Augusto et al. (2006). The data were grouped according to the defined
categories of biochar characteristics, soil properties, and experimental conditions when
needed (Cayuela et al. 2014). Biochar feedstocks were grouped into three categories: (1)
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Crop residue; (2) Manure; (3) Wood residue. Pyrolysis temperature was grouped in four
categories: (1) < 400oC; (2) 400 - 500oC; (3) 500 - 600oC; (4) > 600oC. Biochar C:N ratio
was grouped into six categories: (1) < 30; (2) 30 – 50; (3) 50 - 100; (4) 100 – 500; (5) >
500. Soil texture was grouped into three categories: (1) Coarse (sandy loam, sandy clay
loam, or loamy sand); (2) Medium (clay loam, loam, silty clay loam, silt, or silt loam);
(3) Fine (clay, silt clay, or sandy clay). Soil pH was grouped into four categories: (1)
Very acidic (pH <5.5); (2) Acidic (pH 5.5 - 6.5); (3) Neutral (pH 6.5 - 7.5); (4) Alkaline
(pH > 7.5). Biochar application rates were grouped into four categories: (1) < 10 t ha-1;
(2) 10-20 t ha-1; (3) 20-40 t ha-1; (4) > 40 t ha-1. The residence time of biochar in soil was
placed into three subgroups: (1) < six months; (2) > six months but < one year; (3) > one
year. Study type was placed into three categories: (1) Field study; (2) Greenhouse study;
(3) Lab incubation. Additional fertilizer was placed into three categories: (1) Inorganic
fertilizer; (2) Organic fertilizer; (3) No additional fertilizer. Cover crop in the experiment
was placed in three categories: (1) No cover crop; (2) Leguminous cover (i.e. beans); (3)
Other (i.e. maize, wheat, grass, buckwheat, etc.). Available P analytic method was
ascribed to one method: (1) Bray-P (Bray & Kurtz 1945); (2) Colwell-P (Colwell 1963);
(3) Olsen-P (Olsen et al. 1954); (4) Biologically based P (DeLuca et al. 2015a); (5)
Mehlich-I (Mehlich 1953); (6) Mehlich-III (Mehlich 1984); and (7) Other methods (e.g.
calcium-acetate-lactate extraction (CAL method) (Schüller 1969), ammonium
bicarbonate-DPTA extraction (Soltanpour & Workman 1979), acid ammonium acetate
extraction (Vuorinen & Mäkitie 1955), water extraction, potassium chloride extraction,
calcium chloride extraction, citrate extraction, hydrochloride extraction, and modified
Kelowna extraction (Qian et al. 1994)) (see Figure 1.3).

Statistical analyses
The meta-analysis was conducted to characterize soil available P, MBP, NO3- -N,
and NH4+ -N pools for treatments with and without biochar addition. The effect size of
each soil response variable was calculated by calculating the natural log (ln)-transformed
response ratio (RRx): RRx = ln (Xt/Xc), where: Xt is the measured change in the response
variable following biochar treatment, and Xc is the measured value in the untreated soils
(control) (Hedges et al. 1999). For those studies where fertilizers were added to both the
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control and biochar treatments, Xt is the value of ‘biochar and fertilizer’ variable, and Xc
is the value of ‘fertilizer’ variable. The “effect size” of each group was calculated using a
categorical random effects model, where the effect size is evaluated in inverse proportion
to its variance (Adams et al. 1997). Data pairs associated with ‘biochar + fertilizer’ and
those associated with ‘biochar only’ were originally analyzed separately for each factor
and pooled together when no significant differences in the correlation pattern and
direction were found (Figure S1.1). Since the distribution of the data was slightly skewed,
Wilcoxon signed rank test was used to determine if the mean effect size (RRx) was
significantly different from zero. When presenting and interpreting the biochar effect,
RRx was graphed based on the mean and standard error for each group. The total number
of data pairs (n) from the combined studies upon which our statistical analysis was based
was included in each grouping. The response ratio of each variable was also converted to
percentages when needed to present the averaged relative change following biochar
addition.
To test our hypotheses, regression analyses were conducted on continuous
variables (e.g. biochar C:N ratio, soil pH), and the RRx of each response variable was
plotted against those continuous variables to present the correlation. Pearson correlation
coefficients (r) and significance (P-value) were calculated and reported. Response ratios
of soil P was also plotted against RRx of soil N to investigate their inherent relationships.
Following the methods used in other recent meta-analysis studies (He et al. 2017;
Nguyen et al. 2017), publication bias was tested by funnel plot method and assessed
using Kendell’s Tau (Rosenthal & Rosnow, 2008). A fail-safe number was subsequently
calculated when Kendell’s Tau was significantly different from zero (p < 0.05) to
estimate whether the conclusion generated by our meta-analysis is likely to be affected by
the nonpublished studies (Rosenberg, 2005).
A boosted regression tree analysis was performed on each dataset (available P,
MBP, NO3- -N, and NH4+ -N) to detect and rank the importance of explanatory variables
in shaping data variability. This analysis is known to fit complex nonlinear relationships,
automatically handles interactive effects between predictors and accommodates different
types of predictor variables (Elith et al. 2008) thereby providing additional insights into
the random-effects model. A Gaussian error structure was used during the 10-fold cross8

validation to estimate the optimal number of trees; tree complexity was set to 5 for all
models. Regarding the setting of the tree model, a learning rate of 0.01 and bagging
fraction of 0.5 were selected and used for all four models as they all generated the lowest
deviance across multiple settings (learning rate 0.01, 0.005, or 0.001; bagging fraction
0.5, 0.6, or 0.7). All statistical analyses were performed using R Studio.

RESULTS
This meta-analysis showed that biochar additions to agricultural soils consistently
had positive effects on available P and MBP (increased by 45% and 48%, respectively)
across the full range of soil types (pH, texture), biochar types (feedstock, pyrolysis
temperature, C:N ratio), and experimental conditions (i.e. cover crop type, residence time
of biochar in soil, etc.) considered in this study (Figure 1.2). In particular, available P
significantly increased with biochar additions to soil regardless of P determination
method (Figure 1.3). Similar to the results reported in Nguyen et al., (2017), biochar
additions to agricultural soils reduced soil NO3- -N by almost 12% and NH4+ -N by 11%
(Figure 1.2). However, the response of soil inorganic N to biochar additions varied
greatly across differences in biochar characteristics, soil properties and experimental
conditions (Table 1.1, Figure S1.4, S1.5). Further, the positive effects on soil P and the
negative effects of biochar on soil N were more pronounced in short-term studies (i.e.
incubation time of biochar in soil is less than six months) or studies performed under
controlled settings (i.e. lab incubation, greenhouse studies), whereas nutrient response to
biochar tended to be neutral in long-term studies (i.e. incubation time of biochar in soil is
greater than one year) or field studies (Table 1.1, Figure S1.2 - S1.5). Results from the
boosted regression tree analysis identified biochar C:N and biochar feedstock type as two
predominant factors shaping the response of soil available P to biochar additions,
whereas soil pH and biochar C:N ratio were key factors altering the response of inorganic
N and MBP to biochar additions to soil (Table 1.2). No publication bias was observed for
any of the response variables in our study.
The response of soil available P (RRx) was significantly and negatively correlated
with biochar C:N ratio (r = -0.46, p < 0.001, Figure 1.4a) and was observed to be highest
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in slightly acidic to neutral soils (pH around 6.5 - 7) and lower in very acidic or alkaline
soils (Figure 1.4b, 1.4c). Biochar produced using manure or crop residues as a feedstock
or produced under relatively low pyrolysis temperatures exhibited greater efficiency in
promoting soil available P compared to that by wood residues or under higher
temperatures (Figure 1.4e and Table 1.1). This positive effect of biochar on soil available
P was shown to increase with application rates (Figure 1.4d). Biochar additions to soil
also had a general positive effect on soil MBP, although data were not available for some
subgroups (Table 1.1 and Figure S1.3). Although the response ratio of MBP was
insensitive to biochar C:N ratio (r = 0.05, p > 0.1, Figure S1.6), MBP in response to
biochar was higher in neutral soils whereas lower in acidic or alkaline soils (Table 1.1
and Figure S1.6).
Wood biochar enhanced soil NH4+ -N concentration, but had no significant effect
on soil NO3- -N concentration (Table 1.1). In contrast, biochar produced from manure or
crop residues significantly reduced concentrations of soil inorganic N. Response ratios of
soil inorganic N were positively correlated with biochar pyrolysis temperature and
negatively correlated with application rate (Figure S1.7, S1.8). Biochar C:N ratio
exhibited a very weak correlation with RRx for NH4+ -N (r = 0.10, p < 0.1), but no
correlation with RRx for NO3- -N. The negative effect of biochar on inorganic N was less
pronounced in fine textured soils. Inorganic N concentrations in neutral or alkaline soils
generally showed no response to biochar additions, whereas in acidic soils (pH < 6.5)
biochar additions to soil resulted in an overall reduction in inorganic extractable N.
Adding additional fertilizer to biochar could potentially compensate the negative biochar
effect on soil inorganic N; and it is worth noticing that soil NH4+ -N was enhanced (p <
0.05) when biochar was applied to legume-growing lands (Table 1.1 and Figure S1.5).
Overall, the response ratio of soil available P was negatively correlated with RRx for
NH4+ -N (r = -0.38, p < 0.05) and NO3- -N (r = -0.29, p < 0.1) (Figure 1.5).
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DISCUSSION
Biochar effects on soil P
Biochar additions to agricultural surface soil increased available P by 45% and
MBP by 48% across the full range of biochar characteristics, soil properties, or other
experimental factors (i.e. cover crops, residence time of biochar in soil, etc.) examined in
this study. Biochar C:N ratio was identified as a key variable contributing to the variation
of either response. According to the elemental stoichiometry theory, application of a
relatively high C:N ratio biochar would be predicted to enhance microbial N demand, N
mobilization, and relative N limitation (Cleveland & Liptzin 2007). In turn, conditions of
N scarcity would be predicted to reduce the microbial demand for P, induce declines in
microbial P, and contribute to net increases in P mineralization and available P.
Therefore, we hypothesized that the addition of a high C:N ratio biochar would drive
increases in soil available P.
Importantly, our results demonstrated that the biochar-induced increase in
available P tended to be less pronounced in soils treated with biochar with a higher C:N
ratio (Figure 1.4a) and the RRx for MBP did not significantly correlate with biochar C:N
ratio (Figure S1.4). We argue that these results are likely associated with the variable
amount of labile C in individual biochar samples. Biochar typically contains limited
biologically labile C (Jones et al. 2011), thus P-immobilization potential might not
effectively explain the observed negative correlation between RRx (soil available P) and
biochar C:N ratio. In our study, low C:N biochar was generally associated with low
pyrolysis temperature or as a result of biochar being produced from non-woody
feedstocks with higher concentrations of soluble P (see below) compared to high C:N
biochar. Biochar with a C:N of 15 - 45 (with 70% produced under 450˚C) and most made
manure or crop residues as feedstock yielded increased soluble P when applied to soil.
Therefore, it is possible that the observed negative correlation (Figure 1.4a) between
biochar C:N ratio and RRx (available P) reflects a ‘P fertilization’ effect by biochar
addition (Makoto et al. 2011).
It is not surprising that biochar feedstock was identified as another important
variable influencing the RRx of available P given that feedstocks that are rich in P served
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as a source of the P enrichment in soils treated with biochar. The volatilization
temperature of P is approximately 700oC, meaning that the P concentration of biochar is
typically similar to or higher (due to loss of C, H, O and N) than that of the original
feedstock. The P concentration of wood feedstocks range from 0.1 – 1.0 g kg-1 compared
to 1.0 – 4.0 g kg-1 for crop residues and 5.0 – 50 g kg-1 for manure and sewage sludge
(DeLuca et al. 2015b). The pyrolysis process under which biochar is produced will
volatilize C and cleave organic P bonds resulting in a residue of soluble P salts and
potentially increasing the mass percentage of P in biochar compared to the feedstock
(DeLuca et al. 2015b).
Biochar produced under relatively low temperatures more efficiently enhanced
available P in treated soils compared to those treated with biochar produced at relatively
high pyrolysis temperatures (Tables 1 & 2). It has been reported that more stable P
species could be formed at a higher pyrolysis temperatures where the presence of poly-P,
crandallite (CaAl3(OH)5(PO4)2), and Wavellite (Al3(OH)3(PO4)2) were observed to be at
greater concentrations in high temperature biochar regardless of the feedstock (Xu et al.
2016). The enriched crystalline character of high temperature biochar has been argued to
be more likely to induce precipitation reactions of the soluble P contained in biochar
(particularly forming Ca-P precipitates) thus rendering the introduced P unavailable
(Zwetsloot et al. 2016). Further, high pyrolysis temperature biochar might exhibit high
ionic binding strength through physical adsorption (Yuan et al. 2011; Zheng et al. 2013)
that could potentially lock up nutrients in unavailable forms; whereas the chemisorption
and ion exchange capacity associated with surface functional groups could be a
predominant form in low temperature biochar resulting in a more efficient pathway of
reserving available P (Ngatia et al. 2017). Overall, biochar characteristics (i.e. C:N ratio,
feedstock, and pyrolysis temperature) together explained 59% of the variability of soil
available P response to biochar, suggesting that soil available P can be enhanced by
biochar applications across a diversity of soils and environmental conditions and future
agricultural P management goals associated with biochar applications can be fine-tuned
by manipulating the C:N, feedstock, and/or pyrolysis temperature of the biochar
production.
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The RRx of available P and MBP were found to increase with increasing pH
following biochar application to acidic soils, but both of these response variables
decreased with increasing pH when biochar was applied to alkaline soils. The results also
show that biochar applications to near neutral pH soils yielded higher soil P availability
and MBP compared to that in either acidic or alkaline environments (Plante 2007) likely
just as a function of the P content of the applied biochar. Biochar would typically
increase soil alkalinity by increasing the concentration of alkaline metal (Ca2+, Mg2+, and
K+) oxides associated with the biochar, thereby shifting P availability (DeLuca et al.,
2015b). The “new” available P introduced with the biochar application could have been
adsorbed to soil minerals or precipitated with Al-, Fe- oxides under relatively acidic
conditions (Xu et al. 2014) thus hindering the potential for biochar to promote soil P
compared under more neutral soil pH conditions. Soils with pH > 7.5 resulted in low P
availability likely due to Ca-P precipitation reactions forming a sequence of products
with decreasing P solubility. The addition of alkaline biochar could potentially further
promote these reactions (Gundale & DeLuca 2007) which would result in a negative
relationship between soil pH and RRx for soil available P in alkaline soils.
Interestingly, there was not a significant negative correlation between soil pH and
RRx (available P) in alkaline soils. This could suggest that the response of soil available P
to biochar addition across pH ranges by modifying other soil processes. For example,
competition between biochar-derived dissolved organic matter and soil P for sorption
sites has been reported to vary with soil pH (Schneider & Haderlein, 2016). Biochar was
also observed to induce shifts in enzyme activities and/or microbial population dynamics
(i.e. P solubilizing bacteria) that are susceptible to soil pH changes (Gul & Whalen 2016;
Gao et al. 2017). Nonetheless, while soil pH did not explain a significant proportion of
RRx (for available P), it was identified as the predominant factor shaping the response of
soil MBP to biochar, where the strongest effects of biochar on MBP were in soils with
neutral pH. The above results suggest that biochar works most efficiently in promoting
soil P when applied to soils with slight acidic or neutral soils (pH 6 – 7.5), regardless of
biochar type or other factors. When interpreting the positive biochar effect on soil P, it is
important to note that other processes also need to be considered together with factors we
focused on in our study. For example, biochar was widely documented to reduce P
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leaching mostly via its adsorption and anion exchange capacity that can differ across soil
characteristics and the residence time of biochar in soil (Laird et al. 2010; Lawrinenko et
al. 2016). Overall, application of biochar to agricultural soils could be a novel strategy to
reduce P loss and recycle P thus close the organic matter and P cycle.

Biochar effects on soil N
By adding 29 new studies (published since 2016) to those used in the metaanalysis by Nguyen et al. (2017) (nearly doubling total data entries), we found little
difference between our results and that previously published. Overall, biochar was
observed to have a negative effect on soil inorganic N when applied to agricultural
surface soils. One noted contrast to Nguyen et al. (2017) is that biochar C:N was found be
somewhat of an important factor contributing the RRx variability for soil inorganic N
availability with biochar application to soils (Table 1.2) even though biochar C:N did not
significantly correlate with either soil NO3- -N or NH4+ -N (Figure S1.5, S1.6). Biochar
C:N can be rather high, but much of the C is thought to be resistant to decomposition by
microorganisms and thus incapable of stimulating microbial N immobilization (Chan &
Xu, 2009). Alternatively, biochar can adsorb high C:N organic molecules from soil
solution and potential increase mineralization (Gundale & DeLuca 2007). Thus it is not
surprising that biochar additions to soil resulted in no change or a slight enhancement in
mineral N concentrations under some biochar C:N subgroups (Figure S1.2, S1.3). A
reduction in inorganic N following biochar additions to soil was found to be greater for
biochar produced under low temperature or made from low C:N feedstocks such as
manure or crop residue. As pyrolysis temperature increases, the turbostratic layering
inside of biochar increases in orderliness, the mass percentage of the fused aromatic C
thereby increases, the produced biochar is thus often low in easily degradable C but high
in recalcitrant C (Nguyen et al. 2010). Similarly, labile C is greater in biochar made from
feedstocks that are high in carbohydrates including crop residues and manure, but is
relatively low in lignin rich wood biochar (Downie et al. 2009). This additional
degradable C introduced to soils would likely to induce microbial N immobilization,
where soil microorganisms require soil N in order to use additional labile C subsequently
decreasing soil inorganic N (Lehmann et al. 2003). Wood biochar has been demonstrated
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to be efficient in retaining soil NH4+ -N through surface chemisorption capacity that is
partially related to the structure of the feedstock (Wang et al. 2015), whereas high
temperature biochar (over 600oC) has been widely reported to reduce soil N as a result of
physiosorption (Yuan et al. 2011; Zheng et al. 2013). Overall, our results did not support
our hypothesis that biochar C:N could directly dictate directions of changes in soil N
and/or P. However, the negative correlation between the response ratio of soil P and soil
N (Figure 1.5) was largely consistent with the hypothesis, and supported the notion that
agricultural soils with biochar addition would be more likely to exhibit an increased soil
P with decreased soil N, given that biochar C:N is typically higher than soil C:N.
Our analysis showed that soil pH strongly modified the patterns of agricultural
soil NO3- -N or NH4+ -N concentration in response to biochar addition. Nitrifying bacteria
and archaea generally perform well in soils with pH > 6 (De Boer & Kowalchuk 2001;
Nicol et al. 2008), thus net nitrification may not be further stimulated by biochar
following its application in neutral to alkaline agricultural soils (Table 1.1 and Figure
S1.2) (DeLuca et al. 2015b). In contrast, biochar additions to acidic forest soils (pH < 5)
with little net nitrification increased net nitrification and the abundance of ammonia
oxidizing archaea potentially as a result of increased pH or the adsorption of organic
compounds that would otherwise inhibit nitrification or induce net immobilization
(Berglund et al. 2004; DeLuca et al. 2006; MacKenzie & DeLuca 2006; Ball et al. 2010).
This stimulation of nitrification in acidic soils might result in a reduction in substrate
(NH4+ -N) following biochar addition to forest soils (Table 1.1 and Figure S1.3).
However, increased NO3- -N presence due to biochar additions would likely not
accumulate to a great degree in forest soils due to rapid immobilization (assimilatory
NO3- reduction), plant uptake, or NO3- loss via leaching or denitrification (Sebilo et al.
2013; Pinton et al. 2016).
High rates of biochar application had notably greater negative effects on surface
soil inorganic N than low rates (Table 1.1 and Figure S1.2-S1.3). It is possible that
biochar-induced N retention as a result of the physical structure of biochar thereby
overriding the negative effects that low rates (< 10 t ha-1) of biochar can have on
microbial N cycling in agricultural soils. The negative effect of biochar on N cycling in
agricultural soils was also more pronounced in short-term studies and largely attenuated
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in longer-term studies (greater than one year). This is possibly due to aging of biochar insitu or the rapid consumption of any labile C introduced by biochar (Jones et al. 2011;
Kuzyakov et al. 2014; Wang et al. 2016). Further, biochar is more likely to reach its
maximum adsorption capacity (organic and mineral compounds are built up on biochar
surface) over time (Quilliam et al. 2013b), supporting the neutral effect observed in the
category of ‘residence time of biochar in soil is longer than one year’. Quilliam et al.
(2013b) reported limited microbial colonization of biochar and very little contribution of
soil total pore space of a field-aged biochar that were applied to soil for three years,
where the authors concluded that this field-aged biochar did not provide significant
habitat for soil microbes. There is a great deal of variation in field studies demonstrating
a neutral effect of biochar, whereas greenhouse or lab studies tend to demonstrate a
negative effect of biochar on soil N. It is worth noting that most greenhouse or lab studies
are short-term studies while field studies tend to be long-term studies.
Adding organic N fertilizer with biochar amendments could potentially offset the
negative biochar effect on soil inorganic N, as the soil NH4+ -N pool was shown to
increase more with adding organic rather than inorganic N fertilizers. It is possible that
organic N input is more likely to be retained through formation of organo-biocharmineral complexes that further contribute to mineralized N in soil (DeLuca et al. 2015b).
Greenhouse and laboratory studies also use disturbed soil, often sieved and mixed with
sand prior to use in the experiment. This disturbance can further stimulate net nitrification
at the outset of the experiment thereby masking results that would occur in an
undisturbed soil (Ross & Hales, 2003). Soil inorganic N in response to biochar addition
tends to be slightly greater in legume-planted sites compared to that associated with other
crops or without cover crops following biochar addition, suggesting a biochar stimulated
N recycling in legumes possibly via N2 fixation (Quilliam et al. 2013a). Rondon et
al.,(2007) reported a significant increase in biological N2 fixation of common beans
(Phaseolus vulgaris) following biochar addition compared to controls, and they
suggested that this positive result could be attributed to the observed greater availability
of trace metals brought by biochar, particularly molybdenum (Mo) and iron (Fe) that are
constituents of the nitrogenase enzyme (Rondon et al. 2007). However, biochar has also
been reported to inhibit nodule formation in leguminous plants possibly by adsorbing the
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polyphenolic signaling compounds such as flavonoids (Koes et al. 1994; Gundale &
DeLuca 2006). Nonetheless, the negative response of soil inorganic N to biochar addition
was argued to be partially responsible for a reduction of nitrous oxide production
(Cayuela et al. 2014), representing a mitigation potential for greenhouse gas emission in
agricultural ecosystems.

CONCLUSION
By conducting a meta-analysis of 124 peer reviewed published papers, we found a
fairly consistent increase in available P in agricultural soils following treatment with
biochar. In contrast, we found an overall negative effect of biochar on the accumulation
of inorganic N when biochar was applied to agricultural surface soils. The positive effect
of biochar addition on soil available P and MBP supports recent arguments that biochar
could play a major role in recycling of P and thereby offer a promising means of
increasing the efficiency of P fertilizer applications. This is particularly true for biochar
produced from low C:N materials (e.g. manure or crop residues), produced under low
temperatures or when applied to slight acidic to neutral soils. Furthermore, this overall
enhancement of available P appears to be consistent across different soil P methods.
Biochar produced from manure or crop residues, generated under low temperature,
applied to acidic soils, applied at high rates, applied without cover crops and without
additional fertilizer typically reduces soil inorganic N compared to no biochar, while
biochar does not significantly alter the inorganic N status of neutral or alkaline soils.
However, biochar applications in combination with organic fertilizer showed a significant
potential for improving inorganic N availability. Lastly, our analysis showed that most of
the responses to biochar reported in the literature were pronounced in short-term
laboratory and greenhouse studies, thereby highlighting the need for long-term studies
that quantify the effects of factor combinations on the status of available P and N pools.
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TABLES
Table 1.1 Summary of the averaged relative change (%) of soil available P, microbial
biomass P, NO3- -N, NH4+ -N in response to biochar addition as determined in a metaanalysis. Significance of Wilcoxon signed rank tests: *p < 0.05, ** p < 0.01, *** p <
0.001, no symbol following the number indicates not statistically significant.

Averaged relative change (%)
Feedstock

Pyrolysis
temperature

Biochar
C:N ratio

Soil texture

Soil pH

Application
rate
Biochar
residence
time
Study type

Additional
fertilizer

Cover crop

Crop residue
Manure residue
Wood residue
< 400˚C
400 – 500˚C
500 – 600˚C
> 600˚C
< 30
30 – 50
50 – 100
100 – 500
> 500
Coarse
Medium
Fine
Very acidic
Acidic
Neutral
Alkaline
< 10 t ha-1
10 – 20 t ha-1
20 – 40 t ha-1
> 40 t ha-1
< six months
> six months but
< one year
> one year
Field study
Greenhouse study
Lab incubation
Inorganic
fertilizer
Organic fertilizer
No fertilizer
No cover crop
Leguminous
cover
Other cover crops

Available P

Microbial
biomass P

NO3- -N

NH4+ -N

44.0 (3.7) ***
185.7 (13.2)***
1.5 (1.9)
116.5 (8.4) ***
31.7 (4.7) ***
19.4 (3.8) ***
5.7 (3.2)
84.9 (10.0) ***
56.7 (6.1) ***
22.0 (2.2) ***
7.0 (2.1) *
-4.3 (6.0)
31.0 (4.2) ***
102.3 (9.1) ***
19.1 (4.6) ***
27.1 (5.4) ***
42.2 (7.3) ***
32.8 (6.3) ***
78.5 (7.0) ***
13.9 (2.4) ***
19.8 (3.5) ***
27.1 (7.0) ***
149.5 (9.7) ***
47.1 (3.5) ***

47.1 (9.7) ***
109.6 (25.7) *
35.7 (11.4) **
142.3 (20.9) **
21.6 (8.1) *
69.1 (9.4) ***
117.0 (25.6) **
71.8 (13.5) ***
36.9 (9.5)
35.2 (7.5) ***
77.7 (12.3) ***
N/A
66.4 (10.7) ***
32.7 (9.9) **
N/A
40.9 (18.5)
84.3 (11.5) ***
216.1 (68.3)
11.0 (9.0)
28.5 (8.7) **
79.1 (10.6) **
35.1 (12.0) *
135.2 (18.4) ***
58.0 (8.6) ***

-22.7 (7.4) ***
-3.4 (1.2) *
-5.0 (6.0)
-20.8 (13.5)
-26.1 (11.7) **
-2.5 (4.6)
6.8 (16.2)
0.8 (10.4)
25.3 (8.6) **
-25.1 (17.1)
-14.8 (5.3) **
41.7 (33.6)
-15.3 (7.7) *
-12.6 (4.1) **
19.7 (5.7) **
-7.7 (9.2)
-26.1 (8.8) ***
9.2 (5.9)
5.0 (6.9)
17.5 (7.7) *
-16.5 (6.9) **
8.1 (12.6)
-33.4 (9.2) ***
-15.9 (6.0) **

-40.0 (12.6) ***
-19.4 (13.4)
9.7 (3.8) *
-43.3 (17.8) ***
-6.4 (6.8)
1.8 (7.5)
-33.2 (16.1) *
-30.1 (11.6) **
-30.9 (29.1)
-50.1 (25.3) **
6.2 (3.9)
-21.0 (2.8) *
-1.7 (4.6)
-69.4 (45.5) **
0.8 (5.0)
-57.7 (26.1) ***
8.1 (3.6)
7.0 (6.4)
-8.0 (8.2)
-6.5 (4.5)
16.5 (82.2)
-10.6 (5.5) *
-53.2 (24.9) **
-18.4 (6.8) **

82.5 (23.5) **

N/A

-0.8 (7.6)

19.1 (8.0) *

9.4 (3.7) *
11.8 (2.4) ***
35.9 (3.6) ***
135.4 (11.3) ***

29.0 (9.7) *
23.4 (7.4) **
48.1 (8.7) ***
207.4 (32.1) **

3.9 (7.9)
3.7 (4.5)
-32.1 (12.4) **
-8.9 (7.3) **

-6.8 (7.0)
7.5 (4.3)
-38.7 (16.4) **
-7.7 (6.3)

39.1 (4.8) ***

40.5 (10.0) ***

8.7 (4.7)

-32.8 (16.4) **

14.9 (4.1) *
59.3 (5.3) ***
92.0 (7.6) ***

65.2 (7.1) ***
75.6 (14.4) **
167.4 (20.9) ***

1.5 (5.2)
-30.1 (9.0) ***
-5.4 (4.7)

21.0 (9.7) *
-2.5 (4.3)
-32.2 (11.2) ***

30.3 (6.0) ***

N/A

-6.7 (8.0)

12.3 (5.7) *

24.5 (3.0) ***

48.5 (5.9) ***

-23.2 (11.0) *

4.6 (5.2)
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Table 1.2 Significance of explanatory variables by a boosted regression tree model used
in explaining the response of soil available P, microbial biomass P, NO3- -N, and NH4+ N to biochar addition as determined in a meta-analysis.

Response
variable

Available P

Microbial biomass
P

NO3- -N

NH4+ -N

Factors

%
variation
explained

ranking

%
variation
explained

ranking

%
variation
explained

ranking

%
variation
explained

ranking

Feedstock

18.00

2

2.37

6

2.60

9

1.55

10

Pyrolysis
temperature

12.51

4

7.90

5

7.7

7

5.62

5

Biochar C:N
ratio

28.38

1

22.54

2

19.93

2

12.96

2

Soil pH

7.77

6

35.98

1

25.64

1

39.40

1

Soil texture

11.09

5

19.85

3

2.76

8

12.62

3

Application
rate

13.50

3

8.39

4

9.34

5

11.53

4

Residence
time

0.96

10

0.17

9

0.98

10

1.81

9

Study type

1.93

9

2.10

7

8.01

6

4.21

8

Additional
fertilizer

3.16

7

0.61

8

9.73

4

5.01

7

Cover crop

3.09

8

0.09

10

13.31

3

5.29

6
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FIGURES

Figure 1.1 Locations of study sites involved in this meta-analysis. Red indicates
measurements of soil available P and/or microbial biomass P; blue indicates
measurements of soil NO3- -N and/or NH4+ -N. Each site location contain multiple data
entries.
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Figure 1.2 Response of available soil P, microbial biomass P, and soil inorganic N
(NO3-, NH4+) to biochar additions as determined in a meta-analysis. Data are depicted as
natural-log transformed response ratios (RRx) in which each metric with biochar
additions is divided by the value in the control treatment and then ln-transformed. For
comparison, an RRx value of 0.5 indicates that biochar addition increased the response
variable by 1.65 times the value in the control. Error bars represent standard errors, n
represents the number of data pairs upon which the statistical analysis is based, symbols
represent significance of Wilcoxon signed rank tests: *p < 0.05, ** p < 0.01, *** p <
0.001, and ‘ns’ represents non-significant.
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Figure 1.3 Soil available P response to biochar addition as measured by multiple P
analysis methods as determined in a meta-analysis. “Others” include: calcium-acetatelactate extraction (CAL method) (Schüller, 1969), ammonium bicarbonate-DPTA
extraction (Soltanpour & Workman, 1979), acid ammonium acetate extraction (Vuorinen
& Mäkitie, 1955), water extraction, potassium chloride extraction, calcium chloride
extraction, citrate extraction, hydrochloride extraction, and modified Kelowna extraction
(Qian et al., 1994). Data are depicted as natural-log transformed response ratios (RRx) in
which each metric with biochar additions is divided by the value in the control treatment
and then ln-transformed. For comparison, an RRx value of 0.5 indicates that biochar
addition increased the response variable by 1.65 times. Error bars represent standard
errors, n represents the number of data pairs upon which the statistical analysis is based,
symbols represent significance of Wilcoxon signed rank tests: *p < 0.05, ** p < 0.01, ***
p < 0.001, and ‘ns’ represents non-significant.
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Figure 1.4 Relationships between the response ratio of available P (RRx) and (a) biochar
C:N ratio (n = 432), (b) soil pH in acidic to neutral soil (n = 290), (c) soil pH in neutral to
alkaline soil (n = 184), (d) biochar application rate (n = 519), and (e) pyrolysis
temperature (n = 487) as determined in a meta-analysis. Correlation coefficient (r) and
significance (p) are provided.
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Figure 1.5 Correlations between response ratio (RRx) of soil available P and (a) RRx
(NH4+ -N) and (b) RRx (NO3- -N) as determined in a meta-analysis. Each data point
represents the effect sizes for a specific influential factor (e.g. biochar feedstock, soil
texture) as examined in this study. Correlation coefficient (r) and significance (p) are
provided.
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Figure S1.1 Relationships between the response ratio of available P (RRx) and biochar
C:N ratio (a) when comparing ‘biochar + fertilizer’ to ‘fertilizer’ (n = 208), and (b) when
comparing ‘biochar’ to ‘control’ (n = 175) as determined in a meta-analysis. Correlation
coefficient (r) and significance (p) are provided.
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Figure S1.2 Soil available P response to biochar addition as determined in a metaanalysis. Data are depicted as natural-log transformed response ratios (RRx) in which
each metric with biochar addition is divided by the value in the control treatment and
then in-transformed. For comparison, an RRx value of 0.5 indicates that biochar increased
that biochar addition increased the response variable by 1.65 times the value in the
control. Error bars represent standard errors, n represents the number of data pairs upon
which the statistical analysis is based, symbols represent significance of Wilcoxon signed
rank tests: *p < 0.05, ** p < 0.01, *** p < 0.001, and ‘ns’ represents non-significant.
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Figure S1.3 Soil microbial biomass P response to biochar addition as determined in a
meta-analysis. Data are depicted as natural-log transformed response ratios (RRx) in
which each metric with biochar addition is divided by the value in the control treatment
and then in-transformed. Error bars represent standard errors, n represents the number of
data pairs upon which the statistical analysis is based, symbols represent significance of
Wilcoxon signed rank tests: *p < 0.05, ** p < 0.01, *** p < 0.001, and ‘ns’ represents
non-significant.
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Figure S1.4 Soil NO3- -N response to biochar addition as determined in a meta-analysis.
Data are depicted as natural-log transformed response ratios (RRx) in which each metric
with biochar addition is divided by the value in the control treatment and then intransformed. Error bars represent standard errors, n represents the number of data pairs
upon which the statistical analysis is based, symbols represent significance of Wilcoxon
signed rank tests: *p < 0.05, ** p < 0.01, *** p < 0.001, and ‘ns’ represents nonsignificant.
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Figure S1.5 Soil NH4+ -N response to biochar addition as determined in a meta-analysis.
Data are depicted as natural-log transformed response ratios (RRx) in which each metric
with biochar addition is divided by the value in the control treatment and then intransformed. Error bars represent standard errors, n represents the number of data pairs
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Figure S1.6 Relationships between the response ratio of soil microbial biomass P (RRx)
and (a) biochar C:N ratio (n = 74), (b) soil pH in acidic to neutral soil (n = 24), (c) soil
pH in neutral to alkaline soil (n = 30), (d) biochar application rate (n = 74), and (e)
pyrolysis temperature (n = 74) as determined in a meta-analysis. Pearson correlation
coefficient (r) and significance (p) are provided.
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Figure S1.7 Relationships between the response ratio of soil NO3- -N (RRx) and (a)
biochar C:N ratio (n = 352), (b) soil pH (n = 349), (c) biochar application rate (n = 375),
and (d) pyrolysis temperature (n = 365) as determined in a meta-analysis. Pearson
correlation coefficient (r) and significance (p) were included.
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Figure S1.8 Relationships between the response ratio of soil NH4+ -N (RRx) and (a)
biochar C:N ratio (n = 287), (b) soil pH (n = 284), (c) biochar application rate (n = 301),
and (d) pyrolysis temperature (n = 294) as determined in a meta-analysis. Pearson
correlation coefficient (r) and significance (p) were included.
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CHAPTER 2

Soil biochemical properties and crop productivity following application
of locally produced biochar at organic farms on Waldron Island, WA
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ABSTRACT
Biochar additions to agricultural soils have been shown to often result in neutral
to positive influences on soil properties and processes; however, only a limited number of
studies have been conducted on active organic farming systems, and of those, none have
used multivariate analytical methods to examine the influence of biochar on soil
microbial activity, nutrient cycling, and crop performance. In this study, biochar
produced from local timber harvest residues on Waldron Island, WA, USA was applied
in factorial combination with a poultry litter based fertilizer to replicated plots on six
organic farms that were all growing Kabocha squash (Cucurbita maxima) in the summer
of 2016. A series of soil physicochemical and biochemical properties were examined
after five months of biochar application; squash samples were evaluated for productivity
and nutrient uptake. Factorial multivariate analysis of variance revealed a significant
influence of biochar on soil properties as well as a synergistic effect of biochar and
poultry litter during a five-month field trial. Principal component analysis highlighted soil
total C content, microbial biomass C, enzyme activities, bioavailable P, and phosphatase
activity as the variables most influenced by biochar incorporation into surface mineral
soil. Redundancy analysis further indicated that better soil biochemical conditions,
particularly soil enzyme activities and bioavailable P concentrations, were associated
with higher crop productivity in biochar-treated plots. Overall, our study demonstrates
that locally produced wood biochar, in addition to improving soil C storage, has the
potential to significantly improve soil fertility and crop productivity in organic farming
systems on sandy soils.
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INTRODUCTION
The utilization of woody residuals in generating biochar has been widely shown
as a carbon negative solution for agriculture management; however, few studies have
addressed the potential of biochar for use in organic farming operations. Biochar is a
solid material that is generated from the pyrolysis of organic material in an oxygenlimited environment for soil application, is typically enriched in C and associated with
fused aromatic ring structures that directly contribute to C sequestration (Brewer et al.
2009). The application of biochar to soils has been found to have few negative effects on
soil, yet numerous agronomic benefits, such as enhanced soil nutrient availability and
retention, the abundance and structure of microbial communities, as well as crop
productivity and minerals uptake (Lehmann & Joseph 2015). A recent field study has
reported greater N availability in a temperate sandy topsoil amended with wood chip
biochar (Haider et al. 2017); other studies have reported increased availability of soil P
and K following biochar incorporation (Xu et al. 2015; Gao et al. 2016; Olmo et al.
2016). Soil microbial biomass and diversity have been found to be indirectly altered by
biochar as a result of changes in pH, C availability, bacterial adhesion, or biochar
protection; and the effect is related to biochar feedstock and application rate (Lehmann et
al. 2011). Improvements in soil fertility by biochar addition have also led to increased
crop yields and soil productivity (Graber et al. 2010; Gao & DeLuca 2016).
Unfortunately, the majority of the biochar trials have been conducted in the greenhouse,
growth chamber, or laboratory environment that limits the validity of the findings;
longer-term field trials have often been conducted at agricultural experiment stations
using commercial biochar with conventional farming approaches. To date, very few
studies have been conducted as a part of a holistic closed loop system that examine the
direct link of on-site produced biochar using local feedstocks to on-farm applications
associated with organic farming systems, a model that could be replicated by local
organic farmers throughout forested regions across the country.
Extensive timber harvest over the last century with limited opportunity for
economically driven forest regeneration, approximately 80% of the Waldron Island, San
Juan County, WA is covered by second growth, overstocked forests. A lime kiln
operation on the island drove the demand for timber, but with the loss of that industry, the
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high cost of transporting of timber off the island, and the relatively low value of the
remaining and regenerated timber on the island, there is no direct economic incentive for
thinning. Non-commercial forest thinning has become a prevalent management activity in
an attempt to reduce fire hazard and improve forest health, but comes as an incurred cost
to landowners. This means that the vast majority of biomass harvested on the islands has
no specific value, thus the majority of forest residues are piled and burned thereby
degrading air quality (generation of NOx, CO, CO2, and particulate matter) and resulting
in a net loss of nutrients from the larger ecosystem. Nearly all the residents of Waldron
Island are engaged in some form of small scale agriculture or organic farming; soils of
the region are dominated by sandy loam soils formed in glacial till and outwash resulting
in an inherently high leaching capacity. The growing season on Waldron Island is
relatively short given the northern latitude and relatively dry due to the ‘rain shadow’
effect created by surrounding Olympic Mountains. Given these conditions, the production
of biochar from local timber harvest residues on Waldron Island may offer a sustainable
means of reducing wildfire hazard fuel loading while potentially improving soil fertility
and crop productivity on neighboring organic farms.
In a previous study on three islands in San Juan County, WA, we used univariate,
parametric statistical analyses to evaluate the influence of biochar produced from local
forest residues on nutrient availability and nutrient leaching in a one year study with
replicated trials at 10 different farms (Gao et al. 2016). Given that many soil properties
and processes are naturally spatially and temporally auto-correlated, we have focused on
six farm sites on Waldron Island and applied multivariate analytical methods which allow
for the assessment of numerous variables simultaneously allowing for a less biased
interpretation of results and an improved understanding of the whole soil ecosystem
effect of biochar application to surface soils. Further, in this study we attempt to elucidate
the mechanisms for observed changes in soil biochemical properties and processes in the
prior study. The purpose of the work reported was to investigate the effect of locally
produced wood biochar on soil biochemical properties and processes in small organic
farming operations on Waldron Island. In the following study we combined several
univariate and multivariate analytical methods to explore the following objectives: 1)
Determine those soil physicochemical and biochemical parameters most greatly
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influenced by biochar incorporation to organic agricultural surface soils and subsequently
investigate several possible mechanisms responsible for these changes in soil variables,
particularly soil P availability, with biochar additions; 2) Assess crop response to wood
biochar applications to mineral surface soils in an organic farm operation; and 3)
Determine the relationship between crop response to biochar and changes in soil
physicochemical and biochemical properties following biochar addition to mineral soils.

METHODS
Study site and experimental design
This study was performed in the summer of 2016 at six organic farm sites located
on Waldron Island, WA, USA (Figure 2.1). These farm sites were located at 48.696, 123.035 (Forage); 48.703, -123.029 (Nootka Rose Home Site); 48.704, -123.032 (Nootka
Rose Middle 5 Acres); 48.704, -123.031 (Nootka Rose Middle 5 Acres Hand Till);
48.719, -123.017 (Huntley Farm); and 48.713, -123.011 (Blue Moon Farm).
Approximately 80% of Waldron Island is covered by forest consisting mostly Douglasfir, Western hemlock, and Western red cedar, the remaining arable land on the island is
largely used for agriculture. The climate of the region is influenced by the Olympic
Mountains and Vancouver Island, creating a “rain shadow” effect producing less rainfall
and experiencing significantly dryer and brighter weather than the surrounding locations.
Summers are relatively short, cool and dry, with an average summer temperature of
15.2oC; winters are mild and moderately dry when compared to other portions of northern
Puget Sound, with an average of 5oC. Annual precipitation of the island is 650-750 mm.
The soils of this region are predominately sandy loam soils formed in glacial till and
outwash with a naturally high leaching capacity. The farms used in our study are found
on gently sloping landscapes and dominated by Dystroxerepts, Haploxerepts, and
Haploxeralfs as soil great groups (NRCS, USDA soil survey 2016).
Biochar was produced on-site by using the ‘Cylinder Burn’ biochar production
method tested by a group of farmers and foresters at Northwest Natural Resource Group
and found to be highly efficient (http://restorechar.org/read-me/). The biochar was
produced in close proximity to farm sites using logging residues which on average
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consisted of a mixture of about 80% Douglas-fir (Pseudotsuga menziesii), 15% white fir
(Abies concolor), and 5% Western red cedar (Thuja plicata). The cylinder kiln was 1.5 m
in height by 1.5 m diameter. Briefly, the cylinder burn operated with an open lid and
relied on regular additions of feedstock to fill the cylinder. As the flame wall climbing up
and feedstock being added throughout the burning, the material below was kept in a low
oxygen environment. Pyrolysis took approximately seven hours with temperature being
kept at 450 – 550oC. Approximately 55 l of water was used to douse the flame once the
fire reached the top of the cylinder. A floating metal lid was then placed on top, and
sealed with mineral earth. After 48 hours, the charcoal was removed, allowed to dry,
ground by crushing under a polyvinyl tarp, and then sieved to 2 cm dia.
In May 2016, orange Kabocha squash (Cucurbita maxima) was planted across all
test farms. As these organic farms have been applying only organic fertilizers, we added
another pair of treatments poultry litter, and poultry litter + biochar to reveal the real
biochar effect. Treatments consist of: (1) control (CT): no additional amendment; (2)
poultry litter (PL): applied at 70 kg N ha-1; (3) biochar (BC): applied at 20 t ha-1; (4)
poultry litter + biochar (PB): a combination of 70 kg N ha-1 poultry litter with 20 t ha-1
biochar. Three replicated blocks of all four treatments were established at each farm site.
The four treatments were randomly applied in each replication block, resulting in a total
of 72 treatment plots (Figure 2.1). Each treatment was applied to a 2m by 2m plot, with
1.5m buffer in between. Treatments were applied to the surface soil and incorporated to
15cm depth in May 2016, prior to planting squash. Biochar used in the study was crushed
to create an average particle size of around 5mm diameter. Composite surface soil
samples (0-15 cm, 4 subsamples taken uniformly at each plot to create one composite
sample) were collected on separate occasions using a 1cm2 diameter soil core. Each
treatment plot was considered as an individual sample unit.

Soil and biochar characterization
Composite surface soil samples (0-15 cm) were collected from each farm prior to
biochar incorporation. The soil was thoroughly homogenized and passed through a 2-mm
sieve. Soil pH was determined in a 1:1 soil to water suspension. Total C and N of soil,
poultry litter, and biochar samples was measured using a CHN analyzer (PE 2400 CHN
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Analyzer Waltham, Massachusetts, USA). Bulk density was measured using a bulk
density core (10 cm in height and 7 cm diameter) that was pressed into the soil. Particle
size analysis was conducted by the hydrometer method (Laker and Du Preez 1982).
Water holding capacity (WHC) was determined by gravimetry (Loveday 1974). The
characteristics of the soil, biochar, and poultry litter are reported in Table 2.1.

Soil analyses
Composite surface soil samples were collected from each treatment plot (2m by
2m) at the end of the growing season (September 2016). Fresh soil samples were returned
to the laboratory at the University of Washington and stored at 5oC, and processed within
three days of collection. Samples were thoroughly homogenized and passed through a 2mm sieve. Soil pH, WHC, total C content were measured following the methods
mentioned above. Fresh soil samples (5 g) were weighed, shaken with 25 ml of 1M KCl,
filtered through Whatman 42 filter papers, and analyzed for extractable NO3- -N, NH4+ N by microplate-colorimetric technique using the vanadium method and salicylatenitroprusside method, respectively (Mulvaney et al. 1996); and reported as mg N kg-1 dry
soil. Soil P status was determined using the biologically based P (BBP) method recently
described by DeLuca et al. (2015). The BBP method is designed to assess a suite of four
plant P acquisition strategies to evaluate P availability in dynamic agricultural systems.
Briefly, soil samples were extracted in parallel with 0.01M CaCl2, 0.1M citric acid, 0.2
EU ml-1 phosphatase enzymes, and 1M HCl and analyzed for orthophosphate using the
Malachite green method and reported as µg P g-1 soil (DeLuca et al. 2015). Soil total P,
K, S, Ca, Fe, Mn, Zn, Cu, and Ni were measured using a handheld X-ray fluorescence
(Handheld XRF Spectrometer, SI TITAN, Bruker, Germany) (McLaren et al. 2012).
Soil potentially mineralizable N (PMN) was measured using 14d anaerobic
incubation method, and was calculated by subtracting initial NH4+ -N (0d) from that
determined at the end of the incubation (14d) (Bundy & Meisinger 1994). Soil microbial
biomass C was determined by fumigation extraction method with amino-N determination
by reaction with ninhydrin (Brookes et al. 1985). Soil basal respiration was measured
using a 3d incubation method described by Anderson 1982. Briefly, samples were
incubated in glass jars containing a gas septum, adjusted to 60% WHC, incubated at room
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temperature, and sealed to trap respired CO2 (Anderson 1982). Headspace gas was taken
after 3 days of incubation and analyzed for CO2 by a Gas Chromatography Analyzer
(Shimadzu GC, Japan) with a flame ionization detector (FID). Acid phosphatase, βglucosidase, dehydrogenase, and urease activities were examined to investigate soil P, C,
and N cycling processes following Tabatabai & Bremner 1969, Eivazi & Tabatabai 1988,
Klein et al. 1971, and Tabatabai & Bremner 1972, respectively; and were expressed as μg
PNP g-1 h-1 for phosphatase and β-glucosidase activities, μg TPF g-1 24h-1 for
dehydrogenase activities, and μg NH4+ -N g-1 h-1 for urease activities. Phosphorus
solubilizing bacteria abundance was examined using a culture based approach. Briefly,
5g fresh soil samples were serially diluted (10-1 – 10-6) and spread plated on National
Botanical Research Institute’s Phosphate (NBRIP) media to enumerate culturable PSB
(Nautiyal 1999). Media contained 100 μg ml-1 of cycloheximide to inhibit fungal growth.
Plates were incubated at 28oC for 8 days prior to counting the numbers of colony forming
units (CFU).

Crop response
Squash (Cucurbita maxima) fruits were harvested at the end of growing season
(September 2017). Total fresh weight fruit yield data was determined for each farm. Fruit
water content was determined by weighing the fruits fresh, drying samples at 105o C in
conventional drying oven, and weighing the fruits dry. Total fruit dry mass was
calculated using the total fresh weight corrected to total dry weight by multiplying by (1the fraction of water in the squash fruit). Squash N concentration was analyzed using a
CHN analyzer (PE 2400 CHN Analyzer Waltham, Massachusetts, USA), squash P
concentration was determined using an inductively coupled plasma optical emission
spectrometry (ICP-OES, Thermo Scientific 6300, Waltham, MA) following a dry-ashing
and nitric acid procedure (Santos et al. 2008). Other macro (K, S, Ca) and micro (Fe, Mn,
Zn, Cu, Ni) nutrient concentrations were measured using a handheld X-ray fluorescence
(Handheld XRF Spectrometer, SI TITAN, Bruker, Germany) after pulverizing plant
samples.
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Statistical analyses
Each test plot (4m2) was considered as an analysis unit in this study. Farm sites
served as replication in the following analyses given the fact that: 1) The land use
structure of Waldron Island is relative simple, with very small proportion of the land
being used for agricultural cultivation; 2) The background properties of the soils in each
test farms are quite similar, together representing the agricultural soil characteristics of
the entire island (NRCS, USDA soil survey 2016; Table 2.1). Analyses were conducted
using three data matrices: ‘plots × soil physicochemical parameters’; ‘plots × soil
biochemical parameters’; and ‘plots × crop productivity variables’ (parameters were all
listed below). All matrices were column standardized to zero mean and unit variance to
account for differences in units between variables. Data were then log transformed to
reduce skewness and the influence of outliers. Variables in each matrix are continuous.
All matrices were screened for outliers, missing data, and insufficient variables before
any analysis. Soil P, K, S, and Ni concentrations were dropped from the first matrix, as
these four variables had too little variation among plots (cv<5).
Principal component analysis (PCA) was selected as the appropriate ordination
method where dissimilarity was calculated as Euclidean distance (Kessell & Whittaker
1976; Legendre & Legendre 1998; Dray et al. 2003). PCA was performed on the first two
data matrices to assess the dominant patterns in soil characteristics across treatments and
investigate those components that drive the differentiation in soil properties and
processes following biochar incorporation. A total of 14 soil physicochemical parameters
(pH, WHC, NH4+ -N, NO3- -N, CaCl2 extractable P, citrate extractable P, enzyme
extractable P, HCl extractable P, total C, Ca, Fe, Mn, Zn, and Cu) were introduced as the
analysis variables in the first PCA; eight soil biochemical parameters (microbial biomass
C, potentially mineralizable N, P solubilizing bacteria abundance, basal respiration, βglucosidase activity, dehydrogenase activity, phosphatase activity, and urease activity)
were introduced as the analysis variables in the second PCA. The significance of each
principal component (PC) was evaluated using a Monte Carlo randomization test. The
loadings of variables to each PC was examined by converting eigenvector coefficients to
structure correlations. Pearson correlation test was next conducted on specific extracted
soil variables that are of interest to us to examine the dependent relationship between soil
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physicochemical and biochemical parameters. A factorial multivariate analysis of
variance (MANOVA) was carried out for all soil variables to examine the pure biochar
effect and the synergistic effect between the poultry litter and biochar (model = poultry
litter × biochar). Together with PCA, Pearson correlation test and MANOVA may help
elucidate potential mechanisms responsible for the changes in soil variables following
biochar addition.
Crop yield and specific nutrient concentrations were compared among treatments
using Tukey-HSD test following ANOVA. A permutation of analysis of variance
(PERMANOVA) was conducted to test for differences in crop response variables among
four treatments; a subsequent test of multivariate homogeneity of group dispersions
(DISPER) was also conducted to calculate the significant multivariate dispersions in crop
response variables among four treatments. Euclidean distance was chosen for both
PERMANOVA and DISPER; significance of the Pseudo-F value was tested via 999
random permutations.
A redundancy analysis (RDA) was conducted to investigate the dependent
relationship between soil variables and crop response variables, as well as the pattern in
crop productivity across treatments. RDA was selected as the appropriate approach as
crop productivity variables would be expected to respond linearly to soil parameters
(Legendre & Legendre 1998). ‘Plots × crop productivity variables’ dataset includes seven
variables: squash water content, total yield, dry mass, N and P concentrations, other
macro and micro nutrient concentrations. Soil physicochemical and biochemical
parameters were together introduced as explanatory variables in RDA. It should be noted
that several soil variables were grouped or released to address our study interest and
reduce the large number of explanatory variables for RDA model: soil NH4+ -N and NO3-N were grouped as inorganic N; Soil K, S and Ca were grouped as ‘other
macronutrients;’ Fe, Mn, Zn, Cu, and Ni were grouped as soil micronutrients; soil total P,
CaCl2-P, HCl-P, PMN, and basal respiration were released as they either had too little
variation or had small structure correlation in previous PCA results; and the geometric
mean of four enzyme activities (phosphatase, β-glucosidase, dehydrogenase, and urease)
were used as an overall enzyme indicator. Significance for the RDA model, each axis,
and each variable was tested using Monte Carlo randomization tests. Afterwards, a partial
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RDA was conducted to identify the variance explained by soil physicochemical variables,
biochemical variables, and their overlap, respectively. All statistical tests were performed
using R studio.

RESULTS
Soil response to biochar application
Biochar application to soils of Waldron Island resulted in significant shifts in both
nutrient availability and microbial activity. Using PCA, we observed that much of the
variability in soil data matrices could be explained by two PCs (Table 2.2). In the first
PCA (Figure 2.2a physiochemical variables), soil WHC, total C content, citrate
extractable P, and enzyme extractable P were highly correlated with PC1 where soil Fe
and Mn concentrations were highly correlated with PC2. In the second PCA (Figure 2.2b,
biochemical variables), soil microbial biomass C, dehydrogenase activity, phosphatase
activity, and P solubilizing bacteria abundance were positively correlated with PC1. The
dissimilarities between biochar-treated plots (biochar, poultry litter + biochar) and
untreated plots (control, poultry litter) were clearly demonstrated in the ordination space
of both PCAs, indicating that soil characteristics were largely altered by biochar
incorporation (Figure 2.2). Overall, soil total C, Fe, Mn concentrations, P related
variables, and biochemical parameters were identified as the parameters most sensitive to
shifts in soil characteristics following biochar incorporation. Vector arrows of these
variables nearly all point to biochar-treated plots, suggesting that these soil variables tend
to be greater in biochar-treated plots compared to untreated plots. The result of Pearson
correlation coefficients between specific soil physicochemical and biochemical variables
indicated significant positive correlations between: (1) Soil WHC and most soil
biochemical parameters; (2) Citrate extractable P and P solubilizing bacteria abundance;
(3) Enzyme extractable P and soil phosphatase activity (Table 2.3). A significant effect of
biochar and a synergistic effect of biochar and poultry litter were observed with many
soil physicochemical and biochemical variables using MANOVA (e.g. WHC, enzyme
extracted P, microbial biomass C, basal respiration, etc.) (Table 2.4, S2.1 and S2.2).
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Crop response to biochar application
The nutrient concentration of ten elements (total N, P, S, K, Ca, Fe, Mn, Zn, Cu,
and Ni) and total yield (in kg ha-1) in harvested squash as influenced by treatments are
reported in Table 2.5. Biochar treatment significantly increased squash P, S, and Fe
concentrations after one growing season, reflecting enhanced soil nutrient concentrations
following woody biochar application. Total yield across six organic farms was also
significantly enhanced by biochar additions when comparing ‘biochar’ treatment to
‘control’ (Table 2.5). PERMANOVA results demonstrated noted differences in crop
productivity and nutrient uptake in comparing the four treatments (F = 44.67, R2 = 0.67, p
< 0.001). The results of subsequent DISPER tests (F = 4.95, p < 0.01) and pairwise
comparisons revealed significant difference between ‘control’ and ‘biochar’ (p < 0.05), as
well as ‘poultry litter’ and ‘poultry litter + biochar’ (p < 0.05) in crop productivity.

Relationship between soil properties and crop response
The productivity of squash grown in test plots was clearly influenced by biochar and
poultry litter additions. The RDA results showed that soil physical and chemical
characteristics explained a significant portion of squash productivity (Figure 2.3).
Subsequent permutation tests on the RDA axes and variables indicated that RDA axes 1
and 2 were significant and together explained 84.8% of crop productivity variance; while
soil citrate extractable P, enzyme extractable P, and the geometric mean of enzyme
activities were the strongest drivers of the constrained variability (Table 2.6). Nearly all
soil related vectors were roughly aligned with crop vectors indicating a highly positive
relationship between the two. Biochar-treated plots tended to have higher crop yield, P
concentration, and micronutrient concentrations, whereas crop N concentration and water
content did not show much response to biochar additions. Soil microbial biomass C and
the geometric mean of soil enzyme activity had the most positive correlation with squash
fruit dry mass and total yield; crop other macronutrient and micronutrient concentrations
were positively correlated with soil other macronutrient and micronutrient concentrations,
respectively; crop P concentration was positively correlated with soil citrate and enzyme
extractable P, as well as WHC. Crop N concentration showed no dependent relationship
with soil inorganic N. Poultry litter treated plots were likely to have squash plants with
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higher water content and possibly N content. The results of the partial RDA showed that
soil physicochemical and biochemical variables had a large overlap when explaining the
variation of crop productivity, which is consistent with the findings in the Pearson
correlation results between soil physicochemical and biochemical variables (Figure 2.4
and Table 2.3).

DISCUSSION
Soil response to biochar application
Biochar applications to agricultural soils of Waldron Island resulted in significant
shifts in soil nutrient status and microbial activity. Soil total C content, parameters related
to P cycling processes and microbial activities (WHC, dehydrogenase activity, microbial
biomass C, active inorganic P, phosphatase activity, potential available organic P, PSB
abundance) were identified as those variables most responsive to biochar incorporation.
The significant enhancement of surface soil total C content following biochar addition is
logical and consistent with prior findings where researchers evaluated biochar influence
on soil C storage (Wang et al. 2016; Laird et al. 2017). Numerous other studies cited by
Lehmann and Joseph (2015) had also indicated that a large portion of biochar consists of
a certain level of organic C forms, namely fused aromatic ring structures, that is relative
recalcitrant against microbial decay and has slower return of terrestrial organic C as
carbon dioxide (CO2) back to the atmosphere, contributing directly to long-term soil C
sequestration (Lehmann et al. 2011). This particularly works with biochar generated from
woody materials such as that used in our study, rather than those generated from
agricultural wastes such as crop residues and animal manures. (Lehmann & Joseph 2015).
Total C content has a relatively high loading (0.79) on PC1, suggesting that C
sequestration and storage was one of the major changes and a potential benefit for soils in
Waldron Island following biochar incorporation.
Soil P solubilization and mineralization processes were readily influenced by
biochar addition in this study. Citrate and enzyme extractable P represented these two
potential available P pools by emulating the corresponding mechanisms of P acquisition
strategies. This suggests that wood-based biochar added to sandy soils in Waldron Island
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can potentially increase the phytoavailability of both organic and inorganic P pools
through stimulating the P solubilizing bacterial communities and plant and microbial
phosphatase activity. The labile C in biochar could potentially stimulate metabolic
demands of the soil microbial community and thus drive enhanced the P demand in the
surrounding soil organisms (Lehmann et al. 2011). Dehydrogenase plays a key role in the
biological oxidation of soil organic matter by transferring electrons from substrate to
acceptors, and it occurs intracellular in all living cells, thus can be used as an indicator of
overall soil microbial activity (Wolinska et al. 2012). High loadings of dehydrogenase
activities (0.85) and microbial biomass C (0.84) on PC1 also suggested that biochar
greatly stimulated the activity of soil microbial communities (Figure 2.2b and Table 2.2).
This effect is consistent with the observation of higher extractable P, that is related to the
labile C inside biochar that provided metabolic substrate for the surrounding
microorganisms in a short-term (Jones et al. 2011); it could also be related to the
structure of biochar itself (Lehmann et al. 2011).
Soil WHC is another variable that was clearly influenced by biochar applications
and one that contributed greatly to variation across all soil characteristics (structure
correlation=0.94). It is likely that the internal pores of the biochar particles directly
improved soil WHC, providing improved soil moisture conditions and potentially a more
favorable habitat for microorganisms. Further, it is likely that this porous structure
functions as to attract and aid in the transport of dissolved organic matter needed for
microorganisms to metabolize. This argument is supported by the high correlation
coefficients between WHC and multiple soil biochemical indicators (Table 2.3). It is also
possible that biochar indirectly influenced soil microbial activity and P cycling by
absorbing otherwise inhibitory organic compounds (i.e. chlorinated hydrocarbons,
cyanogenic glycosides, polycyclic hydrocarbons) or transition state metals that can
otherwise inhibit microbial activity (Zhang et al. 2013). However, such a “negated
inhibition hypothesis” for explaining the biochar effect on microbial activity holds
limited weight in organic farming systems which by definition do not use synthetic
pesticides and should have natural soil metal concentrations. Increased soil P availability
associated with higher microbial activity following biochar addition can be further
accelerated by synergistic effects of biochar and poultry litter (Table 2.4) indicating that
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the char may induce a priming effect that yields greater bioavailable C and nutrients from
soil organic matter and poultry litter (Cheng 2009).
Biochar treatments appeared to improve the concentrations of soil macro and
micronutrients, with a highly visible response for Fe and Mn. One possible explanation
for increased alkaline and transition state metal concentrations is related to the increased
cation exchange capacity in soils amended with biochar (Novak et al. 2009). Evidence of
near edge X-ray absorption fine structure (NEXAFS) and scanning transmission X-ray
microscopy (STXM) from a study of Liang et al. (2006) suggested that the oxidized
surface associated with the aromatic C originated from biochar itself was responsible for
its higher surface charge compared with non-biochar (Liang et al. 2006); the surface
oxidation was created by the adsorption of surrounding non-biochar substances, and
could increase with time in soil (Chan et al. 2008). It has also been reported that the
organic ligands (carboxyl, phenol, alcohol, or enol groups) in biochar can form
complexes with soil metals, subsequently increasing the concentration of metals in soil
solutions (Graber et al. 2010). The increased exchange capacity would simply increase
the capacity of the soil to retain metals in surface soils. Alternatively, Graber et al. (2014)
indicated that biochar can participate in a variety of chemical and biological redox
reactions, which would further lead to the solubilization of Fe and Mn. These two metals,
Fe and Mn, oxides have higher reduction potentials than most other metals and therefore
would be likely to be solubilized under microaerophilic conditions (Graber et al. 2014).
Biochar had limited influence on N related parameters (soil NH4+-N, NO3- -N,
potentially mineralizable N, and urease activity). This departs somewhat from our
previous findings on the San Juan Islands (Gao et al., 2016), but is consistent with many
studies (Griffin et al. 2017), particularly the result of a meta-analysis that investigated
biochar effect and soil inorganic N using 33 studies (Biederman & Harpole 2013) and
another recent study that specifically examined the effect of wood biochar on soil
inorganic N (Nguyen et al. 2017). Agricultural soils already have highly active nitrifying
communities and rapid net N mineralization rates, which may not further respond to
biochar addition (DeLuca et al. 2006). Soil N related parameters also showed no patterns
with the poultry litter treatment as well (Figure 2.2a). However, it should be noted that
our soil samples were collected at harvest season (end-growing season), it is highly likely
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that soil inorganic N was enhanced by poultry litter treatment and subsequently used by
plants during the growing season, as supported by the RDA result that crop N
concentration tended to be higher in poultry litter-treated plots (Figure 2.3).

Crop response and relationship to soil properties
Biochar treatments significantly increased squash P, S, and Fe concentrations, as
well as total yield after one growing season (Table 2.5). Using PERMANOVA and
DISPER to test differences and significant dispersions among all crop variables, we
found that biochar-treated plots had significantly different crop response compared to
non-biochar plots, reflecting a positive overall effect.
A large number of soil properties and processes were reflected in crop
productivity in this 5-month field trial (Figure 2.3 and Table 2.5, 2.6). Improved soil
biochemical conditions (particularly citrate extractable P, enzyme extractable P and
enzyme activities) in biochar-treated plots were associated with higher crop productivity.
One of the most common hypotheses for the observed beneficial effect of biochar on crop
productivity, is related to a shift in mycorrhizal fungal activity following biochar
application (Warnock et al. 2007; LeCroy et al. 2013). Joseph et al. (2010) indicated that
plant roots or root hairs could enter the water-filled macro-pores or bond onto the biochar
surface, causing a wide range of reactions that help the uptake of nutrients (Joseph et al.
2010). Although mycorrhizal fungal abundance or activity was not examined in our
study, it could represent a factor responsible for the highly positive correlation of soil
nutrient concentrations, particularly soil available P and associated phosphatase activity,
as well as the improved squash nutrients in char-treated plots at the end-growing season.
It is important to note that squash (C. maxima) is considered as a “P efficient” crop that
releases organic acids to increase P solubility and meet the high P demand of its life cycle
(Reinbott & Blevins 1999). This would help explain the observation that soil P was a
major explanatory variable in RDA (Table 2.6).
Besides soil nutrients and corresponding crop nutrient uptake, soil enzyme
activity was observed to be effective explaining crop total yield and dry mass (Table 2.6).
To date, there is little strong evidence to directly relate soil enzyme activity to crop
production, therefore, the positive relationship may be indirect, considering nutrient
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mineralization to plant available forms is accomplished through enzymatic activity. The
addition of biochar with available substrate and nutrients may have increased the activity
of microorganisms degrading cellulose either by promoting the growth of microbial
species with constitutive enzymes, or by stimulating inductive enzyme synthesis in
microbial cells (Dilly & Nannipieri 2001). Biochar may influence the induction of
enzymes by adsorbing the catalysis product thereby creating a positive feedback, where
more enzyme is produced in the absence of product which has adsorbed to the
“charosphere”. Alternatively, substrate adsorption to biochar may create a concentration
of material that stimulates enzyme production. Given that aromatic, organic acid anions
adsorb to biochar via proton exchange with water and subsequent H-bonding with
carboxylate or phenolate biochar surface groups (Ni et al. 2011), it is possible that
products produced during the enzyme assay adsorbed to the charcoal. Soil inorganic N
concentration was not correlated with crop N concentrations, implying a complex
mechanism of crop N uptake. It has been reported that crop N uptake could be regulated
by soil N concentration based on multiphasic kinetics, and individual kinetic parameters
can differ among crop species (Laine et al. 1993). It is likely that the soil inorganic N
levels at end-growing season exceeded the crop associated ‘critical N dilution curve’,
which defines the minimum amount of N needed for maximal crop growth rate
(Greenwood et al. 1990), thereby rendering soil N a non-limiting factor for crop N uptake
late in the growing season (Devienne-Barret et al. 2000). Again, it is highly likely that the
regulation of crop N uptake by soil N availability has functioned during the growing
season. Continuous temporal in situ sampling techniques will be needed for future
research in monitoring soil nutrient status or rates of pool turnover. The use of a partial
RDA indicated that a large portion (40.2%) of the total variance observed was jointly
explained by soil physicochemical and biochemical parameters, as is supported by the
Pearson correlation test result following both PCAs (Figure 2.4 and Table 2.3).

CONCLUSION
The sandy soils that dominate Waldron Island are of a glacial origin leading to a
naturally high leaching potential and relatively low WHC creating a need for soil tilth
improvements that enhance nutrient and water retention in surface soils. Concurrently,
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the island has an urgent need for forest health or fuel reduction treatments to reduce fire
risk on this isolated dry-forest ecosystem, but the left over logging residues represent a
problem for residents. Herein we studied the outcomes of wedding the utilization of
logging residues with the need to improve soil fertility on organic farms. The multivariate
analysis of results from this short-term field study on six organic farms in Waldron Island
suggest that biochar produced from local fuel reduction treatments and applied alone or
when combined with poultry litter has the potential to induce positive benefits in overall
soil fertility, with the primary benefits being the significant increase in total soil C
storage, active inorganic P (citrate extractable P), potential available organic P (enzyme
extractable P), microbial biomass C and several specific enzyme activities. In particular,
we suggest that the biochar induced enhancement of bioavailable P from inorganic and
organic P sources might be attributed to an increased presence of P solubilizing bacteria
abundance and generation of phosphatase enzyme. In organic farming systems, organic P
fertilizer resources (i.e. manure) dominate P application in these systems, therefore the
enhanced enzyme activity (partially through adsorbing enzymatic inducing agents by
biochar amendment) may potentially play a key role in supplementing the bioavailable P
through mineralization processes. The input of metabolic C in the presence of biochar
might also induce the abundance of P solubilizing bacteria, and thus aid on the P
solubilization process.
A positive relationship between soil properties and crop productivity as
influenced by biochar additions was revealed in this study. Squash productivity and
squash nutrient uptake were found to correlate well with available P concentrations and
enzyme activities as explanatory soil variables. While soil microbial parameters are often
considered responsible for soil physicochemical properties, alterations in the
physicochemical conditions of soils might also lead to shifts in microbial community
composition and changes in microbial function. This natural relationship between soil
physicochemical properties and soil biochemical properties is frequently observed upon
amending soils with fertile organic residues or biochar. Producing biochar from local
timber harvest residues, converting them to biochar, and applying them in neighboring
agricultural soils results in a net positive effect on both agronomic conditions and forest
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health and is a strategy that could be exported to other ecosystems with sandy soils and
fuel reduction demands.
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TABLES

Table 2.1 Characteristics of (a) soil, (b) poultry litter, and biochar used in a study
comparing no treatment, biochar, poultry litter, or biochar and poultry litter in field
studies conducted at six oganic farms on Waldron Island, WA.
(a)
Farm
site

Total
C
(%)

Total
N
(%)

Bulk
density
(g cm-3)

WHC
(%)

Cation
exchange
capacity
(meq 100g-1)

pH

Organic
matter
(%)

Sand
(%)

Clay
(%)

Texture

NRH

32.3

1.9

0.92

77.5

5.23

6.11

11.77

69.7

10.0

Sandy
loam

NRMT

23.0

1.2

0.96

72.5

5.43

6.22

12.28

60.3

15.5

Sandy
loam

NRHT

23.5

2.1

0.93

70.2

5.30

6.20

11.30

60.0

14.5

Sandy
loam

Huntley

27.4

2.0

1.06

62.5

5.57

6.42

10.25

78.4

13.1

Loamy
sand

Blue
Moon

25.0

2.3

1.08

62.5

5.50

6.69

8.54

76.8

14.0

Loamy
sand

Forage

48.5

2.5

0.60

120

4.73

5.63

18.06

54.1

16.6

Sandy
loam

(b)
Amendment

Total C (%)

Total N (%)

Poultry litter

40.0

8.0

Biochar

69.5

0.1

Poultry litter + biochar

68.9

0.5
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Table 2.2 Structure correlation coefficients (only list variables with loading > 0.75 on
either PC) between measured parameters and the first two principal components (PC1
and PC2) for (a) soil physicochemical and (b) biochemical properties in field studies
conducted at six organic farms on Waldron Island, WA comparing no treatment, biochar,
poultry litter, or biochar and poultry litter.
(a)
Principal Component (variance
explained, significance value)

PC1 (40.1%,
p < 0.001)

WHC

0.94

Citrate extractable P
(Active inorganic P)

0.76

Enzyme extractable P
(Potential available organic P)

0.88

Total C

0.79

PC2 (20.4%,
p < 0.001)

Fe

-0.88

Mn

-0.78

(b)
Principal Component
(variance explained,
significance value)

PC1
(50.1%, p <
0.001)

Microbial biomass C

0.84

PSB abundance

0.82

Basal respiration

0.81

Dehydrogenase activity

0.85

Phosphatase activity

0.82
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PC2
(16.3%,
p=0.56)

Table 2.3 Pearson correlation coefficient (r) between selected soil physicochemical and
biochemical parameters in field studies conducted at six organic farms on Waldron
Island, WA (significance: **p < 0.01, ***p < 0.001).

Soil variables

WHC

Citrate-P

Enzyme-P

Microbial biomass C

0.70***

0.45***

0.64***

PSB abundance

0.78***

0.64***

0.63***

Basal Respiration

0.56***

0.36**

0.54***

Dehydrogenase activity

0.70***

0.45***

0.64***

Phosphatase activity

0.84***

0.69***

0.94***

61

Table 2.4 Statistical results of the factorial MANOVA on soil (a) physicochemical and (b) biochemical variables in field studies
conducted at six organic farms on Waldron Island, WA (significance: *p < 0.05, **p < 0.01, ***p < 0.001, NS indicates p > 0.1).
Abbreviations: WHC - water holding capacity; MBC - microbial biomass C; PMN - potentially mineralization N; PSB - P solubilizing
bacteria abundance; BR - basal respiration.
(a)
pH

Source of variation

NH4+ -N
F
p

WHC

F

p

F

p

Poultry litter

0.40

NS

0.002

NS

0.20

Biochar

4.07

*

8.46

**

Poultry litter × biochar

0.51

NS

0.06

NS

HCl-P

Source of variation

NO3- -N

CaCl2-P

Citrate-P
F
p

Enzyme-P
F
p

F

p

F

p

NS

0.46

NS

3.89

0.05

0.06

NS

2.14

NS

0.82

NS

0.32

NS

2.35

NS

4.18

*

10.74

**

0.07

NS

0.15

NS

5.33

*

0.22

>0.05

4.68

*

Total C

Ca

Fe

Mn

Zn

Cu

F

p

F

p

F

p

F

p

F

p

F

p

F

p

Poultry litter

0.25

NS

2.58

NS

4.35

*

0.98

NS

0.11

NS

0.08

NS

0.01

NS

Biochar

0.01

NS

20.89

***

15.57

**

51.00

***

8.06

**

2.14

NS

0.33

NS

Poultry litter × biochar

0.16

NS

0.18

NS

0.55

NS

0.01

NS

0.11

NS

0.02

NS

0.13

NS

(b)
MBC

PMN

PSB

BR

β-glucosidase
F
p

Dehydrogenase
F
p

Phosphatase
F
p

Source of
variation

F

p

F

p

F

p

F

p

Poultry litter

4.94

*

3.27

0.07

0.01

NS

0.01

NS

0.01

NS

4.94

*

2.78

Biochar

36.5

***

1.43

NS

5.54

*

92.5

***

86.6

***

36.6

***

Poultry litter ×
biochar

0.01

NS

0.60

NS

0.37

NS

5.06

*

5.12

*

0.01

NS
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Urease
F

p

NS

282

***

8.58

**

34.5

***

4.14

*

4.43

*

Table 2.5 Total fresh fruit yield and nutrient concentrations of harvested squash fruit under no treatment, poultry litter, biochar, or
poultry litter and biochar in field studies conducted at six oganic farms on Waldron Island, WA. Data are presented as mean ±
standard error. Data were compared among treatments using Tukey-HSD following ANOVA. Numbers with the same letter are not
significantly different at p = 0.05. No letters following the numbers indicate no significant difference at p = 0.05 among treatments.

Treatment

Total yield
(kg ha-1)

Nutrient concentrations (mg kg-1)
N

P

K

S

Ca

Fe

Mn

Zn

Cu

Ni

Control

1390.70a ±
106.67

37300 ±
1058

5628.2a ±
399.6

15481 ±
1006

3501.4a ±
392.0

511.29 ±
23.57

84.01a ±
19.20

21.93 ±
1.11

75.45 ±
17.18

25.22 ±
18.19

4.96 ±
0.56

Poultry litter

1552.92ab
± 164.67

44700 ±
1465

6765.9b ±
204.1

22848 ±
1806

5947.4c ±
501.3

551.10 ±
48.84

118.02b ±
13.78

23.39 ±
2.72

72.06 ±
12.68

32.03 ±
14.42

5.35 ±
1.33

Biochar

1729.32b ±
70.59

41800 ±
1689

6977.8bc±
409.0

20941 ±
790

5143.1b ±
1096.1

503.21 ±
79.99

106.98b ±
12.80

21.95 ±
1.31

61.02 ±
5.69

20.11 ±
9.00

5.30 ±
1.12

Poultry litter
+ Biochar

1845.87b ±
119.35

45400 ±
2346

7259.3c ±
646.0

17987 ±
879

4104.9ab
±444.1

543.41 ±
33.61

134.29c ±
14.28

25.50 ±
1.38

81.35 ±
3.88

20.96 ±
3.01

5.73 ±
1.22
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Table 2.6 Inter-set correlations between the weighted average scores for the crop
productivity data and soil variables from the RDA for axis 1 and axis 2.

RDA model: p < 0.001
Soil variable

RDA1 (61.9%, p
< 0.001)

RDA2 (22.9%, p
< 0.001)

pH

-0.50

0.42

WHC

0.78

-0.06

Available N

0.21

Citrate extractable P
(Active inorganic P)

0.87

Enzyme extractable P
(Potential available organic P)

0.95

Total C

0.69

0.21

Other macronutrients

0.35

0.23

Micronutrients

-0.23

0.40

Basal respiration

0.54

0.17

Microbial biomass C

0.58

0.33

Enzyme activities (geometric mean)

0.84

0.33
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FIGURES

Figure 2.1 Map of the location of six organic farms in Waldron Island, WA with
example experimental layout for each farm. Each of the six farms received the same four
treatments assigned randomly to three blocks and each treatment applied to 4m2 plots
with a 1.5m buffer in between plots. Each 4m2 plot is an analysis unit. Abbreviations: CT
- control; PL - poultry litter; BC - biochar; PB - poultry litter + biochar.
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(a)

(b)

Figure 2.2 Principal component analysis (PCA) ordination of (a) soil physicochemical variables, and (b) soil biochemical variables
following biochar incorporation in field studies conducted at six oganic farms on Waldron Island, WA. Abbreviations: WHC - water
holding capacity; PMN - potentially mineralization N; MBC - microbial biomass C; PSB - P solubilizing bacteria abundance; BR basal respiration; CT - control; PL - poultry litter; BC - biochar; PB - poultry litter + biochar.
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Figure 2.3 Redundancy analysis (RDA) ordination of crop productivity constrained by
soil physicochemical and biochemical parameters in field studies conducted at six oganic
farms on Waldron Island, WA. Response variables (crop variables) are shown in red
vectors; explanatory variables (soil variables) are shown in brown vectors. Abbreviations:
Geomean(Enzyme) - geometric mean of four enzyme activities (phosphatase,
dehydrogenase, β-glucosidase, and urease activities); IN - inorganic N; CT - control; PL
- poultry litter; BC - biochar; PB - poultry litter + biochar.

67

Figure 2.4 Results of partial RDA showing effects of soil variables on crop productivity.
Venn diagram shows unique and shared explained variance between soil physicochemical
and biochemical parameters for plots receiving no treatment, biochar, poultry litter, or
biochar and poultry litter in field studies conducted at six oganic farms on Waldron
Island, WA.
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SUPPLEMENTARY INFORMATION
Table S2.1 Soil physicochemical properties response to poultry litter, biochar, or poultry litter with biochar additions five months
after amendment at six organic farms on Waldron Island, WA. Data are presented as mean across all six farms ± standard error. Data
were compared among treatments using Tukey-HSD following ANOVA. Numbers with the same letter are not significantly different
(p > 0.05), no letter following the numbers indicate no significant difference (p > 0.05) among treatments.

pH
Unit
Control
Poultry
litter
Biochar
Poultry
litter +
Biochar

Water
holding
capacity
%

+

Total C

b

49.26
± 7.08

0.80
± 0.03
a
0.81
± 0.03
b
0.91
± 0.04

6.49
± 0.15

0.91
± 0.04

-

NH4 -N
concentration

NO3 -N
concentration

g kg-1

a

6.05
± 0.16
6.27
± 0.17
6.51
± 0.16

Total N

a

29.79
± 3.98
a
33.52
± 5.43
b
42.87
± 4.60

2.10
± 0.12
2.33
± 0.17
2.29
± 0.13

1.06
± 0.19
3.48
± 2.57
1.13
± 0.29

1.95
± 0.93
2.14
± 1.06
1.22
± 0.46

b

2.20
± 0.13

1.19
± 0.27

1.63
± 0.64

More
recalcitrant
Soluble P
inorganic P
mg kg-1
963
1.59
± 95
± 0.48
947
1.47
± 90
± 0.56
962
1.31
± 96
± 0.30
910
± 67

Active
inorganic P

Potential
available
organic P

a

32.43
± 6.41
a
33.33
± 6.37
b
41.17
± 6.75

b

320.81
± 45.8
a
326.05
± 45.8
b
375.41
± 45.9

a

b

2.85
± 1.06

358.13
± 41.5

53.08
± 11.58

Total Zn

Total Cu

Total Ni

a

2.47 ± 0.55

0.76 ± 0.09

0.18 ± 0.02

a

2.38 ± 0.51

0.75 ± 0.08

0.18 ± 0.02

b

2.11 ± 0.31

0.72 ± 0.08

0.18 ± 0.02

b

2.07 ± 0.23

0.73 ± 0.07

0.18 ± 0.02

Table S2.1 Continued
Soil
variables

Total P

Total K

Total S

5.63 ± 0.14

9.50 ± 0.23

3.13 ± 0.06

Unit
Control

Chemical Characteristics (XRF)
Total Ca
Total Fe
Total Mn
g kg-1
a

a

14.35 ± 1.70

90.52 ± 8.00

a

Poultry litter

5.70 ± 0.10

9.29 ± 0.15

3.06 ± 0.05

14.99 ± 2.50

Biochar

5.48 ± 0.15

9.44 ± 0.14

3.07 ± 0.02

16.58 ± 0.83

Poultry litter
+ Biochar

5.65 ± 0.06

9.62 ± 0.15

3.18 ± 0.04

16.87 ± 0.97

a

89.80 ± 8.69

b

b

102.47 ± 8.12

b

b

107.67 ± 10.0
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3.83 ± 0.85
3.10 ± 0.28
4.57 ± 1.04
4.36 ± 1.12

Table S2.2 Soil biochemical properties in response to poultry litter, biochar, or poultry litter and biochar additions after five months at
six organic farms on Waldron Island, WA. Data are presented as mean ± standard error. Data were compared among treatments using
Tukey-HSD following ANOVA. Numbers with the same letter are not significantly different (p > 0.05). No letter following the
numbers indicate no significant difference at (p > 0.05) among treatments. Abbreviations: MBC - microbial biomass C; PMN potentially mineralization N; PSB - P solubilizing bacteria abundance; BR - basal respiration.

Soil
variables

Biochemical Characteristics
MBC
-1

PMN

PSB

BR

β-glucosidase

Dehydrogenase

Phosphatase

Urease

g kg 14d

104 CFU
g-1 dry soil

mg CO2 kg-1
3d-1

μg PNP g-1 h-1

μg TPF g-1 24h-1

μg PNP g-1 h-1

μg NH4+ -N g-1
h-1

-1

-1

Unit

mg kg
a

215
± 11

7.36
± 1.26

a

Control

386.76
± 34.01

365.28
± 16.3

ab

247
± 18

5.23
± 1.68

a

Poultry litter

358.59
± 40.09

338.67
± 21.4

c

301
± 31

5.31
± 0.87

b

Biochar

475.41
± 30.16

449.00
± 15.2

Poultry litter
+ Biochar

332
± 36

c

4.25
± 1.45

501.35
± 34.31

b

473.50
± 10.0

a

175.88
± 5.01

a

164.61
± 5.22

b

211.34
± 3.48

b

221.72
± 4.15
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a

8.63
± 0.20

a

349
± 69

a

54.81
± 1.11

a

9.77
± 0.32

a

374
± 43

a

79.56
± 0.64

b

11.67
± 0.56

b

426
± 64

ab

65.27
± 1.64

b

12.75
± 0.66

b

539
± 112

b

84.50
± 1.33
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ABSTRACT
Biochar (a carbon-rich product from pyrolysis of organic materials) addition to
agricultural soils has been proposed as a novel technology for enhancing soil C storage
and fertility; however, few studies have evaluated the effects of biochar on nutrients from
an integrated perspective. Previous studies have demonstrated that biochar has the
potential to improve bioavailable phosphorus (P) of sandy soils in organic farming
systems; yet the underlying mechanisms remain poorly understood. We hypothesized that
the unique characteristics of wood biochar could induce changes in soil microbial
communities, which would subsequently drive biotic controls on soil P availability
through microbial solubilization and/or mineralization and that this would be reflected in
microbial P gene expression. To test this hypothesis, we determined the abundance and
diversity of bacterial and fungal communities as related to microbial communities in
sandy soils of organically-managed farmlands amended with locally produced wood
biochar. A series of soil biochemical properties and genes encoding synthesis of
phosphatase and those encoding the production of small molecular weight organic acids
(involved in metal chelation and P solubilization) were directly quantified to help
understand soil P mobilization following biochar addition. Three months after the
application of wood biochar, the bioavailability of soil P was elevated and a shift towards
a bacterial dominated community was observed. Contrary to our hypothesis, however, the
abundance of genes dictating soil phosphatase synthesis or organic acids production
remained unaltered following biochar amendment. We suggest that the shift in P
bioavailability could be controlled by abiotic mechanisms such as biochar-induced
surface organic matter stabilization or adsorption/desorption of P associated with organomineral complexes. Although there was no specific molecular evidence of soil
microorganism-mediated P mobilization, locally produced wood biochar had a positive
effect on surface soil P bioavailability which could benefit agricultural soil health and
ecosystem service delivery in organic farming systems.
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INTRODUCTION
To date there has been little effort to integrate soil phosphorus (P) availability
with enzyme and organic acid production and with biotic P gene expression following
biochar application to mineral soils and to our knowledge no such effort has been
conducted on organically managed farming systems. Phosphorus is known to be a
limiting or co-limiting nutrient in many environments, but plants and microbes have
evolved mechanisms to enhance soil P availability including the excretion of phosphatase
enzymes and the production of low molecular weight organic acids, that facilitate organic
P hydrolysis and inorganic P solubilization, respectively. Biochar is a carbon (C) rich
product of pyrolysis or thermochemical decomposition of organic material in an oxygen
limited environment under controlled conditions that may alter the soil environment and
soil microbial communities resulting in a neutral to positive effect on soil P availability
(DeLuca et al. 2015b). Lehmann et al. (2011) illustrated that biochar can induce
significant shifts in the size and activity of the soil microbial community chemically by
releasing a variety of organic molecules that can induce or inhibit microbial growth
and/or physically by increasing surface area, increasing microbial habitat. It has also been
suggested that biochar can promote mycorrhizal colonization of plant roots by providing
a refugia for mycorrhizal fungi (Warnock et al. 2007) and simultaneously alter soil P
availability by enhancing the growth of P-solubilizing bacteria that co-occur with
mycorrhiza (Gul & Whalen 2016). Mineral nutrients contained in biochar were also
demonstrated to enhance microbial secretions of P-solubilizing acids that further
contribute to the soil bioavailable P pool (Vassilev et al. 2013; Deb et al. 2016) and
biochar additions have been found to result in short-term increases in soil phosphatase
and/or phytase activity yielding a positive impact on soil P mineralization potentially
driven by shifts in pH buffering or soil P demand (Al Marzooqi & Yousef 2017; Gao et
al. 2017; Liu et al. 2017). However, there remains uncertainty as to whether the influence
of biochar on soil P availability is due to biotic (e.g. enzyme activity) or abiotic factors
(e.g. reduced soil bulk density).
Numerous studies have examined the influence of biochar on soil biota and P
availability in agricultural soils; however, few have coupled molecular evidence of soil
microbial response with P transformations (i.e. quantification of genes dictating
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phosphatase and organic acids syntheses associated with mineralization and
solubilization, respectively). Further, the majority of these studies have been performed
as lab incubations, greenhouse experiments, or as short-term field studies in conventional
farming systems. There has been little attention paid to the response of organic cropping
systems to biochar applications, particularly those associated with on-site biochar
generation. The unique situation on Waldron Island, WA afforded the integration of precommercial forest thinning with small scale organic farming as an example of a whole
cycle sustainable biochar project. By creating a closed-loop system wherein value is
added to pre-commercial logging biomass that would otherwise be piled and burned, the
production of biochar may offer an innovative means of reducing fire hazard fuel loading
while improving soil tilth on neighboring organic farms.
In a previous study on ten farms located on three islands of San Juan County,
WA, USA, we demonstrated that locally produced wood biochar applied alone or in
combination with an organic fertilizer had the potential to increase soil C storage,
nitrogen (N) and P availability over one growing season (Gao et al. 2016). Establishment
of long-term trials on Waldron Island (Gao et al. 2017) allowed us to test the hypothesis
that wood biochar application to sandy soils of organically-managed croplands influences
microbial community biomass, abundance, and diversity, which in turn stimulates
microorganism-mediated solubilization or mineralization of soil P. The purpose of the
work reported herein was to examine the impact of wood biochar application on soil
microbial community characteristics and explore the mechanisms responsible for the
observed shift in soil P bioavailability by using a series of biochemical and microbial
analyses. To our knowledge, this is the first study adopting a molecular approach in
evaluating soil biotic P mobilization processes following biochar addition in an organic
farming systems thus providing essential insights into the soil biological P transformation
and availability in response to biochar addition in agricultural ecosystems.
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METHODS
Site description and study design
The study was performed in the summer of 2016 at two adjacent organic farm
sites (Huntley Farm: 48.719, -123.07; Blue Moon Farm: 48.713, -123.011) located on
Waldron Island, WA, USA (Figure S3.1). The climate of the region is influenced by the
Olympic Mountains and Vancouver Island, creating a “rain shadow” effect producing
less rainfall and experiencing significantly drier and brighter weather than the
surrounding locations. Summers are relatively short, cool and dry, with an average
temperature of 15.2oC; winters are mild and moderately dry when compared to other
portions of northern Puget Sound, with an average winter temperature of 5oC. Average
annual precipitation on the island is 650-750 mm. The soils of this region are
predominately sandy loam soils formed in glacial till and outwash with a naturally high
leaching capacity (see Gao et al. 2017). Replicated treatment plots (n = 3) were laid out in
a randomized block pattern at each farm. All plots were seeded to winter squash
(Cucurbita maxima) for the 2016 growing season. Since the soils of these organic farms
have been receiving poultry litter for years, we included this organic fertilizer as a full
factorial design in our field trial. Four treatments used in this study included: 1) Control
with no additional amendment; 2) Organic fertilizer: a poultry litter based organic
fertilizer (8:4:2 Nutri-rich chicken litter) applied at 70 kg N ha-1; 3) Wood biochar
applied at 20 t ha-1; 4) A mix of organic fertilizer and biochar (70 kg N ha-1 + 20 t ha-1).
Local pond water was used to create a slurry of dry organic fertilizer and biochar in
treatment 4, while the same volume of pond water was also applied with the control, the
poultry litter in Treatment 2 and the biochar in Treatment 3 (see Gao et al. (2016) for
more detail and Table S3.1 for the nutrient concentrations of this pond water). Each
treatment plot was 2 m by 2 m in size with 1.5 m buffer in between. Treatments were
applied to the surface soil and incorporated to approximate 10 cm depth before planting
crops. Biochar was generated on-site by ‘cylinder burn’ method using local timber
harvest residues consisting of 80% Douglas-fir, 15% white fir, and 5% western red cedar;
and was crushed under a polyvinyl tarp and sieved to 2 cm diameter. Charcoal generation
temperatures were observed to be in the range of 450 - 550˚C (www.restorechar.org). The
four treatments were applied in early May 2016 prior to planting with each treatment
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being randomly assigned to plots within each replication block, resulting in a total of 24
treatment plots across both farms. Further details of study site and biochar generation
process are provided in Gao et al. (2017). Nutrient levels of the treatments are
summarized in Table S3.2. Two farms used in this study share similar background
properties: loamy sand in texture; bulk density was 1.06 - 1.08 g cm-3; water holding
capacity (WHC) was 62.5%; 6.42 – 6.69 in pH (H2O); 25.0 - 27.4% of total C; 8.6 –
10.2% of organic matter content; and soil cation exchange capacity was 5.50 – 5.57 meq
100 g-1. Both farms used in our study were found on gently sloping landscapes (3% 10% slope) and dominated by Inceptisols with Xerepts as suborders (NRCS, USDA soil
survey, 2017).

Soil sampling and analyses
Composite surface soil samples (four samples taken uniformly) were collected at
each treatment plot at mid-growing season (three months after biochar application, early
August 2016). Fresh soil samples were thoroughly homogenized and passed through a 2mm sieve before being analyzed for a series of physicochemical and biochemical
variables. Soil pH was determined on field-moist soil (1:1 w/w soil-to-distilled water).
Water holding capacity (WHC) was determined by gravimetry (Loveday 1974).
Extractable NO3- -N and NH4+ -N were determined by shaking fresh soil samples in 1M
KCl for 30 minutes, filtering through Whatman 42 filter papers, and the extractants
analyzed by microplate-colorimetric technique using the vanadium method and
salicylate-nitroprusside method, respectively (Mulvaney et al. 1996). Soil P status was
determined using the biologically based P (BBP) method which is designed to assess a
suite of four plant P acquisition strategies to evaluate P availability in dynamic soil
systems (DeLuca et al. 2015a). Briefly, 0.01 M CaCl2, 0.1 M citric acid, 0.2 EU ml-1
phosphatase enzyme, and 1 M HCl were used as extractants to emulate soluble P, citrate
extractable inorganic P that is weakly clay-sorbed or bounded in inorganic precipitates,
labile organic P readily attacked by phosphatase enzymes, and moderately stable active
inorganic P present in precipitates (DeLuca et al. 2015a). Soil total P, Ca, and Fe were
measured using a handheld X-ray fluorescence (Handheld XRF Spectrometer, Bruker,
Germany). Potentially mineralizable N (PMN) was measured using a 14 d anaerobic
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incubation method (Bundy & Meisinger 1994). Microbial biomass C was determined by
fumigation extraction method with amino-N determination by reaction with ninhydrin
(Brookes et al. 1985). Each composite soil sample is considered as an analysis unit (n =
24). Oven dried (70 oC) soil samples were ground, sieved and analyzed for total C and N
using a CHN analyzer (PE 2400 CHN Analyzer Waltham, MA, USA).

Soil DNA extraction and droplet digital PCR
Bulk soil DNA was extracted from 0.25 g fresh weight soil samples using
Powersoil® DNA Isolation Kit (MoBio, Carlsbad, CA, USA) following the
manufacturer’s instructions. The quality of the extracted DNA was checked using
electrophoresis in agarose gels (1% w/v in TAE buffer) with DNA mass standards and
molecular weight markers. DNA concentration was determined using a 96-well UVspectrophotometer by measuring the absorbance at 260 nm (A260) and calculated as A260
x 50 ng µl-1 x dilution factor. Extracted soil DNA was then stored at -20oC prior to
further manipulation.
Individual primers were used to assess specific P mineralization and solubilization
genes in soil samples. Information on the primers used to target specific genes using a
droplet digital PCR (ddPCR) of this study are given in Table S3.3. Each ddPCR reaction
mixture (20 µl) contained 1x EvaGreen ddPCR Supermix (Bio-Rad, Hercules, CA,
USA), 1000 nM gene-specific primers, and 3 µl of DNA template. Each reaction was
mixed with 70 µl Bio-Rad droplet generator oil and partitioned into 15,000-20,000
droplets in Bio-Rad QX200 droplet generator (Bio-Rad). The droplets of individual
samples were separately transferred to each well of a 96-well PCR reaction plate and
sealed. PCR was performed in a C1000 deep well Thermocycler (Bio-Rad) with the
following conditions: 10 min at 95˚C for enzyme activation, 40 cycles of denaturation for
30 s at 95˚C and 1min at the optimal annealing temperature of each primer set with a
ramp rate of 2.5˚C s-1, followed by 10 min at 98˚C for enzyme inactivation and an infinite
hold at 4˚C. The optimal annealing temperature for each assay was obtained by the
thermal gradient optimization test of C1000 thermal cycler, where the optimized
temperature resulted in the largest fluorescence amplitude difference between the
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positives and negatives (Bio-Rad). The plate was transferred to the Bio-Rad QX200
droplet reader following PCR amplification. QuantaSoft software 1.3.2.0 (Bio-Rad) was
used to quantify the copies of target DNA in µl-1. The threshold for a positive signal was
determined according to the software instructions. Any droplet beyond the fluorescence
threshold was counted as a positive event. Blanks included in the assay showed negative
results for DNA copies. All samples were run in triplicate and were averaged for further
analysis (averaged value = analysis unit). Values for gene quantification are then
expressed as gene copies per gram dry weight of soil.

Terminal-restriction fragment length polymorphism analysis of bacterial 16s rRNA
and fungal 18s rRNA
Regular PCR for terminal-restriction fragment length polymorphism (T-RFLP)
analysis was performed for 16s rRNA and 18s rRNA in a total volume of 50 µl reaction
mixture containing 10 ng template DNA, 1x Taq Mastermix, and 0.2 µM of each primer.
The 16s rRNA forward primer was modified with a 5’ 6-FAM and the 18s rRNA reverse
primer was modified with a 5’ HEX. Post-PCR amplicons were purified using QIAquick
PCR purification kits (Qiagen, Netherlands). Profiles for the T-RFLPs were constructed
on purified 16s and 18s rRNA samples. Restriction enzyme HhaI was used to generate
bacterial 16s fragments and MboI was used to generate 18s fragments (Edel-Hermann et
al. 2004). Digestions were carried out in a total volume of 10 µl containing 5 µl of PCR
product, 2 units of each restriction enzyme (New England Biolabs, Ipswich, USA) in 1x
NEB CutSmart buffer. Restriction reactions were incubated for 3h at 37˚C and 30 min at
65˚C. Incubations were purified before mixing with ROX500 internal size standard for
fragment analysis on Applied Biosystems 3730S DNA Analyzer equipped with a 50cm
capillary and POP-y polymer. Peak signals were converted to numeric data for fragment
size and peak height by GeneMapper software (Applied Biosystems, USA).

Statistical analyses
Factorial ANOVA followed by Tukey’s post-hoc test was applied to soil
biochemical and microbial variables with ‘biochar’ and ‘poultry litter’ serving as fixed
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factors. ‘Farm site’ and ‘replication block’ served as random factors and were removed
whenever significant effect was not observed. A redundancy analysis (RDA) was
performed to elucidate the relationship between soil biochemical properties and microbial
responses following biochar incorporation. Significance for the RDA model, each axis
and each variable, was tested using Monte Carlo randomization tests (Legendre &
Legendre 1988). To illustrate relationship between soil biochemical properties and
microbial responses, inter-set correlations between the weighted average scores for soil
biochemical and microbial attributes were calculated from the RDA model (Legendre &
Legendre 1988). For the results obtained from T-RFLP analysis, a presence-absence
matrix was created by binary transforming peak profiles after removing T-RF peaks with
an area less than 5%. The Shannon index of diversity (H) was then calculated using the
formula H = −Σpi (lnpi), where pi is the proportion of individual T-RFs (Blackwood et
al. 2007). Data were tested for homogeneity of variance and normality of residuals before
analyses, and were log transformed when necessary. All statistical analyses were
performed in R Version 1.1.

RESULTS
Soil physicochemical and biochemical properties are presented in Table 3.1. Soil
pH was slightly higher (from 6.5 to 6.9) three months following biochar incorporation
compared to the control. Biochar additions also resulted in significantly enhanced soil
WHC and total C content, suggesting an improved hydrological function and C storage
potential in the sandy soils of Waldron Island. While soil NO3- -N was not significantly
altered, biochar incorporation caused a significant increase in PMN (p < 0.001) and NH4+
-N (p < 0.001). Among the four fractions of BBP that were measured in this study,
enzyme extractable P (labile organic P) and citrate extractable P (active inorganic P) were
observed to be both significantly increased by biochar additions (p < 0.001 and p < 0.05,
respectively). It is important to note that the total BBP contained in biochar only
accounted for 2.3% of soil total BBP prior to this field trial (Table S3.2). Biochar
applications to soil also resulted in a slight increase in soil iron (Fe) and calcium (Ca)
concentrations compared to the control over the short-term.
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Three months following incorporation of biochar to sandy surface soils, both
microbial biomass C and abundance of soil bacterial 16s rRNA were found to have
increased significantly compared to the control (Figure 3.1(a)(b)). While fungal
abundance was not significantly altered by biochar additions, Shannon’s H diversity
index of fungal 18s rRNA was significantly higher in biochar treated soils compared to
controls (Figure 3.1(c)). The bacteria to fungi ratio was elevated with biochar additions,
but copy numbers of the P genes, phoC, gcd, and pqqC, were unaltered by biochar (Table
3.1).
Soil microbial attributes determined in this study were largely and significantly
explained by soil biochemical properties (RDA model p < 0.001, Table S3.4) and were
clearly influenced by biochar additions (Figure 3.2). Subsequent permutation tests
showed significant trends on axes 1 and 2 and together explained 83.7% of microbial
attributes; soil BBP (all four fractions), PMN, total C, and WHC were the strongest
drivers of the constrained variability (Table S3.4). Biochar treated plots tended to have
higher WHC, BBP, PMN, total C, NH4+ -N, and these variables were roughly aligned
with bacterial abundance, bacteria to fungi ratio, and microbial biomass C, indicating a
highly positive relationship among these attributes (Figure 3.2). Bacterial abundance was
negatively correlated with fungal abundance in the ordination space. Soil CaCl2-P,
citrate-P, enzyme-P and HCl-P were all negatively correlated with phoC or gcd gene
abundance, but showed little relationship with pqqC gene abundance and was weakly
negatively correlated with fungal abundance in the first two dimensions (Figure 3.2).

DISCUSSION
Sandy soils at organic farms of Waldron Island exhibited increased P availability
three months’ following biochar amendment and particularly in the active inorganic P
(citrate extractable P) and labile organic fraction of soil P (enzyme extractable P) (Table
3.1 and Figure 3.2). Contrary to our hypothesis, however, the abundance of genes tested
that relate to phosphatase synthesis (phoC) or low molecular organic acids production
(gcd, pqqC) were not significantly altered following biochar incorporation. This may
indicate that the shift in surface soil bioavailable P could have been the result of abiotic
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processes such as the direct surface adsorption and desorption of P (Zhang et al. 2016),
shifts in redox potentials (Joseph et al. 2015), or the development of organo-mineral
complexes (DeLuca et al. 2015b) surrounding biochar particles rather than a direct
influence on organic acid synthesis in soil microorganisms (He et al. 2014). Our results
showing no specific relationship between P-availability and P-gene abundance is likely
partly a function of which genes were actually tested and if they were expressed when
being detected. Molecular evidence of functional genes and soil nutrient cycling
processes were not often in assignment with each other, simply because a large fraction
of the soil microorganisms are metabolically inactive (Lennon & Jones 2011). Numerous
studies have found little relationship between soil P availability and putative controlling
genes (Fraser et al. 2015; Lidbury et al. 2017), except in those instances where the two
processes are tightly coupled as in rhizosphere soil (Fraser et al. 2017). This is likely due
to the broad array of genes coding for the production of organic acids (Rodríguez et al.
2006) and the fact we only tested two in this study. The abundance of genes coding for
alkaline phosphatase (phoD) in soils collected in this study was also determined along
with phoC, gcd, and pqqC; however, its copy number across all soil samples was shown
much lower than that of phoC (approximately 0.5% of the copy number of phoC), and
was also shown not significantly affected by biochar treatment in our study (data not
shown). The lack of relationship between phosphatase gene production and P
mineralization rates in soil is partially a function of the fact that phosphatase is a
constitutive rather than induced enzyme and can be adsorbed onto clay and organic
matter particles (Tabatabai 1994). This results in a ubiquitous presence of phosphatase in
soils and therefore a lack of clear connection between gene abundance and enzyme
activity is not particularly surprising (Nannipieri et al. 2002). Long-term tracking of soil
P availability, enzyme activity, and functional gene expression in response to biochar
might help gain more insights for their inherent connection mechanistically.
Similar to these findings, Jones et al. (2010) found that municipal green waste
biochar applied to sandy soils resulted in only a minor effect of biochar on soil
phosphatase. Further, Weng et al. (2017) recently provided spectroscopic evidence for a
biochar induced increase in the formation rate of microaggregates via organo-mineral
interactions and subsequently resulted in a stabilization and accumulation of organic
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matter over time. Their arguments could be partially seen in our observations of
significantly enhanced PMN and potentially mineralizable P (enzyme extractable P)
along with a higher total C content following biochar incorporation (Table 3.1 and Figure
3.2); as well as higher microbial biomass C and bacterial abundance in biochar treated
soils (Figure 3.1(a)(b)). Possibly, biochar and its stabilized aggregates have created an
additional surface to which phosphatase enzymes could adsorb (Swaine et al. 2013)
resulting in a net increase in phosphatase that led to an altered P availability but no
reflectance in its production detected by the gene abundance. Although we did not
perform phosphatase enzyme assays at the same time as this current study, we detected
both higher soil phosphatase activity and enzyme-P availability two months later at the
end of the growing season following crop harvest (five months following biochar
addition) in biochar treated soils compared to controls (same treatment plots) (Gao et al.
2017). Further, the adsorption of chelating organic molecules via surface bounding or
ligand exchange during the formation of organo-mineral-biochar complexes could have
modified soil P solubility and the pool of bioavailable P, since the citrate extractable P
pool in biochar-treated soils was larger than that of controls (Table 3.1). It has been
widely reported that the biochar-soil interface could efficiently catalyze a variety of
abiotic redox reactions, where the soil redox potential (Eh) was often observed to drop
following biochar addition (Joseph et al. 2010, 2015). Therefore, it is possible that the
biochar served as a reducing agent that induced change in soil Eh in our study, resulting
in a net release of P while the iron-associated compounds being reduced (Table 3.1).
Alternatively, soil P retention ability could also be exerted by the equilibrium of sorption
and desorption of P mediated by biochar additions (Xu et al. 2014; Bornø et al. 2018).
Overall, organic farming systems tend to have more efficient P recycling machinery over
a growing season (due to a less direct leaching of inorganic P) compared to conventional
farming systems (Möller et al. 2017) with all else equal, and soils in this study were not
considered deficient in P given the high P content of soils from past organic fertilizer
applications. The exudation of phosphatase and small molecular weight organic acids
have commonly been documented to be stimulated only in P-deficient soils (Jones &
Oburger 2011; Nannipieri et al. 2011; Yao et al. 2018), thus phosphatase enzymes and
organic acids might not further respond to biochar addition in the Waldron Island system.
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It is also important to note that other phosphatases not measured in this study (i.e.
phytases, phosphodiesterases) may also be responsible for hydrolyzing P compounds to
the extractable fraction.
Importantly, our study demonstrated a shift towards a bacterial dominated
microbial community three months following wood biochar addition to sandy soils
(Table 3.1 and Figure 3.2). This finding is consistent with Jones et al. (2012) who also
observed a lower fungi to bacteria ratio in the second year after biochar application in an
agricultural soil; Chen et al. (2013) who detected a higher bacterial abundance under 20 t
ha-1 biochar application on surface soils of a rice paddy; and Nguyen et al., (2018) who
demonstrated a short-term positive response of bacteria to biochar in a field trial where
wood biochar was added. Fungal abundance did not respond significantly to biochar
additions over short term in our study, which partially supported our argument that soils
with or without biochar amendment in our study system did not exhibit P deficiency, thus
fungal associations were not further developed to promote P availability (Warnock et al.
2007). Soil WHC was shown to be significantly elevated following biochar addition
(mainly due to an increased soil pore space and surface area), which would also likely
reduce the need for fungal associations to acquire extra moisture (Figure 3.2). Elevation
in soil pH by alkaline metal oxides (i.e. Ca2+) in wood biochar could play some role in
controlling the relative abundance of bacteria and fungi, where it is documented that
neutral soils favor the growth of bacteria rather than fungi (Rousk et al. 2009). Although
the change in bulk soil pH in our study was rather small, microsite pH effects associated
with the biochar could be notably larger. Soil microorganisms target simpler compounds
(more labile C) upon the initial decomposition process, followed by a subsequent
degradation of more complex polymers for energy (Ritz 2005). The shift towards a
bacterial dominated community over short term as observed in our study could be related
to the release of labile C from biochar (Nguyen et al. 2018) or biochar-stabilized
aggregated-associated organic matter (Rousk et al. 2013); and this shift was shown to be
the greatest in biochar-poultry litter mixture treatment, partially suggesting an inherent
positive interaction between biochar and poultry litter (Table 3.1). The addition of poultry
litter was widely demonstrated to induce soil microbial activity, it is likely that the
biochar added to poultry litter directly further increase total surface area that favored
83

bacteria adhesion (Lehmann et al. 2011). The slight increase in fungal diversity with
biochar or poultry litter additions was paralleled with an increase in total fungal biomass
(Figure 3.1(c)). Volatile organic compounds (VOCs) produced by soil microorganisms
have been observed to influence microbial community structure and function and some
VOCs produced by bacterial species can either inhibit or increase the growth rates of
some fungi (Mackie & Wheatley 1999; Wheatley 2002). Some quantity of VOCs can be
formed during biochar production (i.e. carbonization process) and subsequently adsorbed
onto biochar (Spokas et al. 2011) which may alter fungal diversity in biochar amended
soils.

CONCLUSION
Organic farming has been documented to be relatively efficient in nutrient
recycling within the system compared to conventional farming systems (Goulding et al.
2008). In this study, biochar produced from local fuel reduction treatments and
application to neighboring organic farming systems was shown to promote nutrient
recycling and particularly soil P bioavailability. Although we found no molecular
evidence of microorganism-mediated P mobilization following biochar incorporation
using a limited set of P mineralization and organic acid production primers, it is possible
that the applied biochar increased net adsorption of phosphatase in surface soils which
could likely be reflected in enzyme assays, but not in gene abundance. Our results also
suggest that biochar application concentrates more labile C in surface soils resulting in a
short-term shift towards a more bacterial dominated community. Overall, this study
illustrates the role of locally produced wood biochar in modifying available nutrient
supplies in organic farming systems associated with sandy soils.
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TABLES
Table 3.1 Soil physical and biochemical properties and selected microbial attributes in
response to biochar, organic fertilizer, and biochar + organic fertilizer amendments at two
adjacent farms on Waldron Island, WA. Data are presented as mean ± standard error (n =
6). Data were compared among treatments using Tukey-HSD test following ANOVA.
Numbers with the same letter are not significantly different at p = 0.05. No letters
following the numbers indicate no significant difference at p = 0.05 among treatments.
Variables with significant biochar effect are in bold. Abbreviation: WHC – water holding
capacity, PMN – potentially mineralizable N.

Soil
properties

pH

Unit

WHC

Total C

Total N

Total P

NH4+ N

NO3- N

PMN

ml ml-1

g kg-1

g kg-1

g kg-1

mg kg-1

mg kg-1

g kg-1
14d-1

Bacteria
to fungi
ratio

Control

6.45 ±
0.07

0.62a ±
0.01

26.19a
± 0.79

2.08 ±
0.19

5.64 ±
0.06

0.62a ±
0.11

3.16 ±
0.72

2.27a ±
0.69

20.74a ±
3.60

Biochar

6.92 ±
0.03

0.75b ±
0.01

35.47b
± 1.98

2.17 ±
0.19

5.47 ±
0.06

1.76b ±
0.38

2.50 ±
0.441

4.84b ±
0.52

18.66a ±
4.30

Organic
fertilizer

6.55 ±
0.07

0.64a ±
0.01

27.69a
± 2.29

2.39 ±
0.17

5.88 ±
0.13

2.65bc ±
0.44

2.47±
0.42

4.62b ±
1.01

32.29b ±
1.93

Biochar +
Organic
fertilizer

6.83 ±
0.02

0.74b ±
0.01

37.30b
± 1.78

2.02 ±
0.17

5.76 ±
0.05

5.27d ±
0.80

2.15 ±
0.30

7.08c ±
1.30

38.08c ±
3.41

Table 3.1 Continued.
Soil
properties

Citrate-P

EnzymeP

HCl-P

Fe

Ca

phoC

gcd

pqqC

1

mg kg-1

mg kg-1

mg kg-1

g kg-1

g kg-1

log
(copies
g-1)

log
(copies
g-1)

log
(copies
g-1)

Control

3.17 ±
1.24

338.01a
± 87.47

15.42a ±
1.55

864.87 ±
173.87

91.2a ±
1.5

13.41a
± 0.02

5.89 ±
5.56

5.12 ±
4.58

4.72 ±
3.97

Biochar

4.23 ±
1.69

428.31b
± 105.83

22.19b ±
2.21

881.63 ±
174.68

104.5b
± 0.9

15.81b
± 0.50

5.99 ±
5.70

5.06 ±
4.56

4.58 ±
3.89

Organic
fertilizer

3.95 ±
1.47

337.95a±
97.46

22.55b ±
3.42

943.05 ±
167.95

96.7a ±
2.9

14.40a
± 0.22

5.91 ±
5.43

5.10 ±
4.60

4.72 ±
3.94

Biochar +
Organic
fertilizer

3.47 ±
1.26

445.30b
± 119.98

27.73b ±
3.91

933.52 ±
157.44

106.0b
± 1.3

16.59b
± 0.48

5.92 ±
5.44

5.20 ±
4.39

4.51 ±
3.96

Unit

CaCl2P
mg kg-
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Figure 3.1 Soil (a) microbial biomass C, (b) bacterial 16s rRNA and (c) fungal 18s rRNA
abundance and diversity (Shannon’ H index) as influenced by biochar, organic fertilizer,
and biochar + organic fertilizer amendments at two adjacent farms on Waldron Island,
WA. Data were compared among treatments using Tukey-HSD test following ANOVA.
The solid line represents the median and dashed line represents the mean in box and
whisker plots. Shannon’s H index is presented as mean ± standard error (n = 6). Numbers
with the same letter are not significantly different at p = 0.05 (lowercase indicates
abundance, uppercase indicates diversity). Abbreviation: CT – control, OF – organic
fertilizer, BC – biochar, OF + BC – organic fertilizer and biochar.
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Figure 3.2 Redundancy analysis (RDA) ordination of soil microbial attributes (orange)
constrained by soil physiochemical and biochemical parameters (blue) following
amendments of biochar, organic fertilizer, and biochar + organic fertilizer on two
adjacent organic farms of Waldron Island, WA, USA (n = 24). Abbreviation: Bacteria –
bacterial 16s rRNA abundance, Fungi – fungal 18s rRNA abundance, B:F – bacteria to
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SUPPLEMENTARY INFORMATION

Table S3.1 Nutrient concentrations of local pond water that was added to all treatments
in the study.

Element

Ca

Cu

Fe

K

Mg

Mn

Na

Ni

P

Zn

Concentration
(mg L-1)

8.18

0.05

3.09

11.83

5.00

0.01

11.70

0.03

0.94

0.04
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Table S3.2 Total C, N, and biologically based P (BBP) of poultry litter, biochar, and
poultry litter and biochar treatment used in this study.
Total C
(kg plot-1)

Total N
(g plot-1)

CaCl2-P
(g plot-1)

Citrate-P
(g plot-1)

Enzyme-P
(g plot-1)

HCl-P
(g plot-1)

Total
BBP
(g plot-1)

Poultry litter

0.16

32.64

0.09

0.20

1.07

0.42

1.78

Biochar

5.57

8.96

0.08

1.10

0.35

1.28

2.81

Poultry litter
+ Biochar

5.73

41.60

0.17

1.30

1.42

1.70

4.59
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Table S3.3 Gene, target, and primers used to identify microbial parameters to evaluate
the influence of biochar, organic fertilizer, and biochar + organic fertilizer amendments at
two adjacent farms on Waldron Island, WA.
Gene

Target

Primers and amplicon length

Reference

16s rRNA

Bacteria

Universal primers: 27F & 1492R
1500 bp

Lane (1991)

18s rRNA

Fungi

Universal primers: 816F & 1536R
762 bp

Borneman and Hartin
(2000)

phoC

Non-specific acid
phosphatase: P
mineralization

F: CGGCTCCTATCCGTCCGG
R: CAACATCGCTTTGCCAGTG
155 bp

Fraser et al. (2017)

gcd

Quinoprotein glucose
dehydrogenase: P
solubilization

F: CAGGGCTGGGTCGCCAACC
R: CATGGCATCGAGCATGCTCC
330 bp

An and Moe (2016)

pqqC

Pyrroloquinoline
quinone (a redox coenzyme in producing
gluconic acids): P
solubilization

F: AACACAGCGAAGTCGAACA
R: TGGATCGGGATGACGTAGA
330 bp

Meyer et al. (2011)

References
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activity in the model rhizosphere-dwelling bacterium Pseudomonas putida KT2440. Appl.
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Table S3.4 Correlations (inter-set) between the weighted average scores for soil
biochemical and microbial properties from the RDA model for axis 1 and axis 2 for soil
samples collected from plots receiving biochar, organic fertilizer, and biochar + organic
fertilizer amendments at two adjacent farms on Waldron Island, WA.
RDA model: p < 0.001
Soil variables

RDA1 (77.1%, p < 0.001)

RDA2 (6.8%, p < 0.001)

pH

-0.23

-0.35

Water holding capacity

0.51

-0.40

NH4+ -N

0.30

0.11

NO3- -N

-0.21

-0.22

CaCl2 - P

0.57

-0.08

Citrate - P

0.79

0.07

Enzyme - P

0.49

0.36

HCl - P

0.80

0.20

Potentially mineralizable N

0.58

0.13

Total C

0.65

0.28

Total N

-0.26

0.26

Total P

-0.50

0.14

Ca

0.41

-0.26

Fe

0.45

-0.10
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Figure S3.1 Map of the study area and location of two adjacent farm sites on Waldron
Island, WA, USA with experimental layout. Both farms received the same four
treatments assigned randomly to three blocks and each treatment applied 4m2 plots with a
1.5m buffer in between.
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CHAPTER 4

Use of microdialysis to assess short-term soil soluble N dynamics with
biochar additions
Corresponding publication:
Gao, S., DeLuca, T.H., 2019. Use of microdialysis to assess short-term soil soluble N
dynamics with biochar additions. Soil Biology and Biochemistry 136, 107512.
doi:10.1016/j.soilbio.2019.06.008
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ABSTRACT
To date there has been little effort to assess fine-scale soil solution nitrogen (N)
dynamics over time and space in response to biochar application within days. Herein we
applied microdialysis to investigate the spatial and temporal dynamics of free amino
acids (AA), ammonium (NH4+), and nitrate (NO3-) following biochar application to a
column containing sandy loam forest soil. Wood biochar (diameter ≤ 5 mm) was applied
either at surface or mixed through the entire soil column. Biochar stimulated localized
soluble N diffusive fluxes, and the vertical distribution of AA and NH4+ hotspots
gradually matched the distribution of biochar particles in the soil matrix over time.
Increases in soil AA and NH4+ concentrations were more homogeneous along soil profile
when biochar was mixed through the soil core and were more concentrated at the surface
when biochar was surface applied. Increases in NO3- concentrations were only observed
at surface soil layers following biochar addition regardless of the application strategy and
generally exhibited a high degree of variation over the course of the experiment.
Microdialysis sampling allowed for quantification of ‘hotspots’ of soil soluble N in
association with the “charosphere” across time and space.
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INTRODUCTION
Prior studies of wood biochar application to forest soils have exhibited increased
nitrification and mineralization rates at the plot scale (DeLuca et al. 2006; MacKenzie &
DeLuca 2006; Gundale & DeLuca 2007); however, there have been few studies that
effectively evaluate fine-scale changes in soluble N pools within the “charosphere” (soil
immediately surrounding biochar) (Yu et al. 2019). Once biochar is applied to soil it can
adsorb soluble organic materials, stimulate nutrient transformations, stimulate microbial
growth, increase gas and nutrient exchange, influence water movement, and form
complexes with minerals (Lehmann & Kleber 2015; Pingree & DeLuca 2017).
Consequently, charosphere soil can be directly affected by biochar properties and may
demonstrate different responses compared to bulk soil (Quilliam et al. 2013). Standard
procedures to assess soil N availability are based on batch extraction of soil that give a
snapshot estimate of free amino acids (AA), available ammonium (NH4+), and nitrate
(NO3-). Although batch extractions are efficient and widely used, they introduce a
number of artifacts including the elimination of microsite and spatial influences and do
not effectively describe rates of N pool turnover (Inselsbacher & Näsholm 2012;
Inselsbacher 2014). Microdialysis probes were originally developed for use in
neuroscience, but more recently have been applied to soil science research (Inselsbacher
et al. 2011; Shaw et al. 2014; Brackin et al. 2015; Demand et al. 2017). The small probes
cause minimal disturbance to soil structure and the passive diffusion of soil solutes across
a semi-permeable membrane allows dialysate to be collected over time without re-taking
samples allowing “real-time” evaluation of fine scale nutrient dynamics (Brackin et al.
2017; Buckley et al. 2017). Therefore, microdialysis has the potential to provide higher
spatial and temporal resolution for understanding short-term solution N chemistry in the
charosphere (Hill et al. 2019).
Microdialysis was used to monitor fine scale concentrations or diffusive flux rates
of AA, NH4+, and NO3- along a soil profile following biochar addition to forest soil over
a 16 day period. We hypothesized that the diffusion flux rate of NO3- will be accelerated
by biochar addition whereas AA and NH4+ will remain unchanged as per previous field
and laboratory findings (DeLuca et al. 2006; Gundale & DeLuca 2007). To further refine
our hypothesis and examine the spatial distribution of soluble N hotspots in response to
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biochar across time, we compared two biochar application strategies, biochar applied to
surface soil only and mixed through the entire soil core.

METHODS
Soils were collected from the A horizon of an undisturbed forest site (Lubrecht
Experimental Forest, Greenough, MT, USA, 46°53'32" N, 113°23'03" W). The granitic
sandy loam soil had a pH of 6.5, total C content of 16.5 g C kg-1 soil, total N content of
1.4 g kg-1, extractable AA, NH4+ and NO3- concentration of 2.15 mg AA-N kg-1, 5.56 mg
NH4+-N kg-1, and 0.68 mg NO3--N kg-1. Biochar was produced using charred wood waste
from lumber mills of F.H. Stoltze Land & Lumber Company (Columbia Falls, MT, USA)
as a byproduct from the electrical co-generation plant. Biochar was press processed and
sieved to 5 mm for application. The biochar had a pH of 7.8, total C content of 595 g C
kg-1, total N content of 0.8 g kg-1, 0.14 mg N kg-1 NH4+, and both AA and NO3concentrations were too low to be detected. Soils were pre-moistened to approximately
60% field capacity, passed through a 2-mm sieve, packed into 6.5 cm diameter by 33.5
cm length PVC column with gentle compaction that resulted in an evenly distributed soil
profile. The resulting control soil column (no biochar) had a bulk density of 1.0 g cm-3.
Treatment columns were prepared by applying 2% (w/w) biochar at surface only (mixed
into top 0 – 3 cm with gentle compaction) or mixing biochar with soil for the entire
column (0 – 33.5 cm) during packing. Each column had three small holes (by 1 mm
diameter drill bit) bored at depths of 1, 6, 12, 18, 25, and 33 cm to allow access by the
microdialysis probe. Each treatment or control column represented an individual unit and
was replicated six times. The columns were stored at room temperature over the course of
the experiment. Water loss by evaporation was minimized by covering the columns with
cellophane and were not compensated during the experiment to eliminate the impact of
drying-rewetting or leaching with water addition. A schematic experimental design is
given in Figure S4.1.
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RESULTS & DISCUSSION
Microdialysis probes used in our study had 10 mm membrane length, 500 !m
membrane diameter with a 20 kDa molecular weight cutoff (CMA 20, Harvard
Apparatus). To sample solution on a fine scale, probes were inserted into soils through
side holes by using the needle and introducer supplied by the manufacturer. The perfusate
flow rate was set to 5 !L min-1 according to Inselsbacher et al., (2011) and Shaw et al.,
(2014). Dialysates were collected over time periods of 2 h in 1.5 ml microfuge tubes. A
total of 18 samples were collected for an individual column (3 samples per depth x 6
depths). All dialysates were first sampled 24 hours following biochar addition (day 1),
and were then sampled every five days for a total of 16 days (day 6, day 11, day 16).
Calibration of the probes was carried out before sample collection on each sampling day
according to Inselsbacher et al., (2011) and the relative recovery was found to remain
stable (28.3 ± 4.9%) across all N forms. Probes were run outside of the soil column for 15
min to ensure that the initial empty volume in the tubes had been flushed before
sampling. Dialysate NH4+ and NO3- were determined colorimetrically following
Mulvaney et al., (1996) and Miranda et al., (2001). Total dialysate AA was determined
by the o-phthadialdehyde spectrofluorometric method according to Jones et al., (2002).
The concentrations were converted to flux rates (amount arriving per unit surface area of
the probe per hour) before analyses.
Each column was treated as an analysis unit meaning that three measurements
made within each column at a given soil depth on the same sampling day were averaged
in order to generate column level values. Data were first analyzed using a factorial
ANOVA to reveal the significant effect of sampling time and biochar application strategy
on soluble N responses at different ranges of soil depths. Mean values and 95%
confidence intervals for AA, NH4+, or NO3- flux rates at specific depth and at specific
sampling day were then calculated and compared across treatments and controls to reveal
spatial and temporal patterns. All data were analyzed using R Studio.
Consistent with our expectations, localized soil AA, NH4+, or NO3- fluxes showed
dynamic spatial and temporal patterns in response to wood biochar application regardless
of whether the biochar was surface applied or mixed in the soil (Table 4.1, Figure 4.14.3). For AA and NH4+, the positive effect of biochar tended to be more pronounced later
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in the experiment, where the vertical distribution of AA and NH4+ hotspots gradually
matched the distribution of biochar particles in the soil matrix over time (Figure 4.1-4.2).
At day 16, soils with biochar exhibited nearly twice the flux rates of AA and NH4+ in the
top layers (i.e. 0 – 6 cm) under either application strategy, where the surface application
of biochar seemed to concentrate more AA and NH4+ in upper portions of the soil while
the mixing strategy distributed them more evenly throughout the column (Figure 4.1-4.2),
potentially linked to the adsorption capacity of the wood biochar (Cheng et al. 2006; Gao
& DeLuca 2016; Gao et al. 2016, 2017; Chin et al. 2018).
Amino acids constitute an important source of N to both plants and
microorganisms in soils (Schimel & Bennett 2004) of the relatively N-poor forest
ecosystems of the Inland Northwest. Our observations indicated that biochar might be
able to biotically or abiotically enhance the production rate of AA from polypeptides and
alter the residence time of AA in surrounding microsite soils (Cheng et al. 2017; Hill et
al. 2019). It is possible that biochar actively participated in constructing the zonal
structure of soil organo-mineral complexes with protein coatings, where the
proteinaceous material in soil solution was proposed to serve as a surface conditioner that
added polar functionality to the hydrophobic surface of biochar, promoting the bonding
interactions between biochar and mineral complexes (Kleber et al. 2007; Keiluweit et al.
2010; DeLuca et al. 2015). Similarly, biochar might directly facilitate a greater extent of
NH4+ exchange in surrounding soils or indirectly alleviate the repression of
mineralization through adsorbing high C:N ratio compounds that would otherwise induce
microbial immobilization (Choromanska & DeLuca 2001; Fujii et al. 2018). These
findings are somewhat inconsistent with Liu et al., (2018) which showed that biochar had
little effect on pool size or turnover rate of dissolved organic N, but supported by Gao et
al., (2019) whose meta-analysis showed that wood biochar generally increased soil NH4+
by surface adsorption in non-field and short-term studies. It is also possible that biochar
altered the charosphere microbial communities responsible for the changes in N
transformations (Yu et al. 2019). It is reasonable to expect that a 16-day lab trial would
capture a more heterogeneous spatiotemporal pattern of charosphere AA diffusive flux
changes immediately upon biochar application compared to longer-term field studies
using bulk soil extractions. More importantly, the inconsistency of responses between
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charosphere soil and bulk soil highlighted the potential of microdialysis sampling in
capturing fine-scale N hotspots.
The spatiotemporal pattern of NO3- hotspots (Figure 4.3) suggests that NO3- was
not sensitive to biochar application strategy at most of the soil layers (i.e. 12 - 33 cm),
except the top 0 - 12 cm layer where the changes in NO3- significantly responded to
surface biochar application (Table 4.1). This result is consistent with our hypothesis that
we expected a close link between biochar and nitrification in forest soils. The intensive
NH4+ hotspots close to biochar that were detected over the experiment and the relatively
high background soil NH4+ concentration argue against substrate limitation of
nitrification. The detection of NO3- hotspots at surface charosphere compared to bulk soil
(with a background NO3- of 0.68 mg kg-1) supports the notion that the adsorption of high
C:N ratio organic compounds or compounds inhibitory to nitrifying bacteria (White
1994; Keech et al. 2005) might play a role in nitrification response to biochar. In our
study, we also compared 2% and 5% (w/w) biochar rate, as well as coarse (5 – 10 mm in
diameter) and fine particle size (≤5 mm in diameter) biochar, but the 5% addition rate
was found to result in similar patterns as the 2% rate and coarse biochar additions showed
no treatment effect (data not shown).

CONCLUSION
The use of microdialysis to the assess biochar effects on soil solution N
demonstrated: (1) Addition of wood biochar to a high C:N ratio, low NO3- forest soil
increased the localized diffusive fluxes of amino acids, NH4+, and NO3-; (2) The spatial
distribution of N hotspots along the soil profile dynamically responded to the biochar
application strategy during a 16 day period. These findings can help us understand how
biochar applications mediate changes in fine scale soil solution N chemistry in a
temperate forest soil.
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TABLES

Table 4.1 The F and p statistics derived from analysis of variance (ANOVA) showing
main and interactive effects of sampling time and biochar application strategy on soil free
amino acids (AA), ammonium (NH4+), and nitrate (NO3-) diffusive flux rates sampled by
a microdialysis system at multiple soil depth ranges in a 16-day incubation experiment.
Significance levels: * p < 0.05, ** p < 0.01, *** p < 0.001, ns indicates p≥0.1.

Localized N

AA

NH4+

NO3-

Depth

Sampling time

Application strategy

Sampling time x
Application strategy

F

p

F

p

F

p

0-12cm

112

***

13.1

***

3.60

*

6-18cm

79.7

***

0.12

ns

1.87

ns

12-25cm

100

***

9.52

**

8.37

**

18-33cm

39.6

***

11.1

**

4.66

*

25-33cm

19.6

***

5.87

*

3.33

ns

0-12cm

139

***

33.3

***

4.59

*

6-18cm

211

***

9.29

**

5.31

*

12-25cm

201

***

3.03

ns

3.83

ns

18-33cm

110

***

0.12

ns

0.18

ns

25-33cm

56.0

***

1.88

ns

0.03

ns

0-12cm

88.4

***

4.66

*

0.29

ns

6-18cm

18.8

***

0.14

ns

1.39

ns

12-25cm

54.66

***

0.02

ns

0.09

ns

18-33cm

9.47

***

4.79

*

0.89

ns

25-33cm

11.69

***

0.37

ns

0.06

ns

105

FIGURES

Soil amino acids (nmol N cm-2 h-1)
0

40

80

120

0

0

Soil amino acids (nmol N cm-2 h-1)
40

80

0

0

40

80

120

0

(a)

Soil depth (cm)

Soil amino acids (nmol N cm-2 h-1)

120

(b)

0

6

12

12

12

12

18

18

18

18

30

36

Control
Mixing
Surface

30

Day 6
Control
Mixing

24
30

Surface
36

36

Day 11
Control
Mixing
Surface

120

(d)

6

24

80

(c)

6

Day 1

40

0

6

24

Soil amino acids (nmol N cm-2 h-1)

24

30

Day 16
Control
Mixing
Surface

36

Figure 4.1 Total free amino acids (AA) diffusive flux rates (nmol cm-2 h-1) sampled by using microdialysis at varied depths in a soil
column amended with no biochar (control), biochar mixed through the soil column (mixing), or surface addition of biochar (surface)
in an incubation experiment at (a) Day 1, (b) Day 6, (c) Day 11, and (d) Day 16. Error bars represent 95% confidence interval for each
data point (n = 6). Treatments were considered significantly different from each other when confidence intervals do not overlap at a
given depth.
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Figure 4.2 Soil ammonium (NH4+) diffusive flux rates (nmol cm-2 h-1) sampled by using microdialysis at varied depths in a soil
column amended with no biochar (control), biochar mixed through the soil column (mixing), or surface addition of biochar (surface)
in an incubation experiment at (a) Day 1, (b) Day 6, (c) Day 11, and (d) Day 16. Error bars represent 95% confidence interval for each
data point (n = 6). Treatments were considered significantly different from each other when confidence intervals do not overlap at a
given depth.
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Figure 4.3 Soil nitrate (NO3-) diffusive flux rates (nmol cm-2 h-1) sampled by using microdialysis at varied depths in a soil column
amended with no biochar (control), biochar mixed through the soil column (mixing), or surface addition of biochar (surface) in an
incubation experiment at (a) Day 1, (b) Day 6, (c) Day 11, and (d) Day 16. Error bars represent 95% confidence interval for each data
point (n = 6). Treatments were considered significantly different from each other when confidence intervals do not overlap at a given
depth.
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SUPPLEMENTARY INFORMATION

Treatment:
● Control ● Surface application ● Mixing application

1 cm

Collect sample dialysate for
chemical analysis
6 cm

12 cm

Probe (CMA 20)
Soluble N
Proteins

18 cm

Soil
25 cm

Biochar

Pump & syringes deliver Milli-Q water as perfusate

33 cm

Figure S4.1 A schematic diagram of the experimental design where microdialysis is used
to assess ‘charosphere’ soluble N chemistry in a soil column (not to scale). The
microdialysis consists of an infusion pump (PhD Ultra, Harvard Apparatus) equipped
with a total of eight micro-syringes (5 ml) for perfusate delivery. A CMA 20 probe
(Harvard Apparatus) is inserted into soil at a given position (shown in small circles)
allowing the delivery of perfusate solution through the tubing and collection of the the
dialysate sample for chemical analysis. The semipermeable membrane embedded in the
probe has a specific molecular weight cutoff (i.e. 20 kDa) that allows the exchange of
soluble N ions (i.e. free amino acids, ammonium, and nitrate, shown in yellow), but does
not allow large compounds passing such as proteins (shown in blue). Biochar was either
applied at surface only or mixed with soil for the entire column during packing. Controls
had no biochar application.
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CHAPTER 5

Biochar alters soil nitrogen and phosphorus dynamics in a western
rangeland ecosystem

Corresponding publication:
Gao, S., DeLuca, T.H., 2020. Biochar alters soil nitrogen and phosphorus dynamics in a
western rangeland ecosystem. In revision. Submitted to Soil Biology and
Biochemistry.
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ABSTRACT
Application of biochar to soils has been proposed as a novel approach to
managing wood residuals, enhancing soil carbon (C) storage and improving soil fertility.
However, the majority of biochar studies have been conducted in agricultural ecosystems
that rely on tillage and nutrient inputs associated with annual cropping schemes.
Relatively few studies have evaluated the influence of biochar on soil processes in seminatural rangeland ecosystems that feature more complex plant communities and have
relatively small external nutrient inputs. In the summer of 2018, I applied biochar
produced using wood waste from a lumber mill in Columbia Falls, MT, USA to surface
soils in replicated plots at an experimental ranch in western Montana to test the impact of
biochar on soil nutrient dynamics, namely nitrogen (N) and phosphorus (P). I evaluated a
series of soil biochemical properties including total soil N, the relative abundance of
microbial N functional genes, bioavailable P, and the net accumulation of nutrients below
surface soil layer over a one-year period following biochar addition with or without a
poultry litter-based organic fertilizer. Biochar additions significantly increased soil
nitrification potential, the relative abundance of the bacterial amoA gene, and the soil
nitrate (NO3-) pool size, while having no significant net effect on soil inorganic N
leaching loss below surface soil. Biochar applied with poultry litter significantly reduced
ammonium (NH4+) leaching compared to poultry litter alone. Biochar additions led to a
shift towards a more fungal dominated community and a general increase in P
availability. However, biochar used alone also contributed to a greater amount of soluble
P collected below surface soil, an effect slightly attenuated when biochar was applied
with poultry litter. Soil pH increased from 5.7 to 6.9 in response to biochar addition and
was one of the dominant factors governing many of the observed changes in soil
processes. Wood biochar used in combination with organic fertilizer helped retain soil
nutrients in this semi-natural rangeland system over one growing season. Changes in
these soil pools and fluxes may influence various trophic groups affecting ecosystem
functioning over time.
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INTRODUCTION
Biochar production and application to soils has been promoted as an effective way
to recycle biomass and enhance soil carbon (C) sequestration, soil moisture and nutrient
retention, and alleviate nutrient leaching (Gao et al. 2017; DeLuca & Gao 2019). To date,
however, the majority of biochar studies have focused on row crop agricultural systems
that are typically associated with relatively low species diversity and large external
nutrient inputs (Nair et al. 2017; Gao et al. 2019). By contrast, relatively few studies have
investigated the functions of wood biochar on soil processes in semi-natural rangeland
settings that feature more complex, perennial plant communities, small external nutrient
inputs, and experience limited disturbance other than biopedoturbation in place of annual
practices of soil tillage and crop harvest (van de Voorde et al. 2014; Shamin 2018).
Previous studies have suggested that biochar amendment of soil in natural
systems with high biodiversity could affect the competitive hierarchy of plant species,
which, over time, may lead to ecosystem-scale species turnover (van de Voorde et al.
2014). The hypothesized mechanisms for this community composition shift with the
presence of biochar or pyrogenic C is a shift in soil nutrient cycling and plant-soil
interactions where biochar could affect seed germination and plant establishment by
adsorbing soil allelochemicals (DeLuca & Sala 2006; Gundale & DeLuca 2006;
MacKenzie et al. 2006), altering rhizosphere environment that could favor specific plant
species while hindering others (Callaway et al. 2003), or favoring the nutrient demands
of particular functional groups of plants such as nitrogen (N) fixing species or species
with enhanced phosphorus (P) acquisition through their association with mycorrhizal
fungi (LeCroy et al. 2013; Quilliam et al. 2013; van de Voorde et al. 2014). Oram et al.
(2014) reported increased competitive ability of legumes following biochar amendment
as a result of increased potassium availability in a short-term pot experiment designed to
emulate a semi-natural grassland. Alternatively, biochar may sorb root exudates that
otherwise function as metal chelates released by plants to solubilize P (DeLuca et al.
2015b). Modification of soil P availability has been identified as a possible mechanism
by which knapweed (Centaurea maculosa) outcompetes native plant species in North
American rangelands (Zabinski et al. 2002; Thorpe et al. 2006). Therefore, biochar
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application to rangelands may alter plant-plant interactions via either short or long term
modification of soil nutrient dynamics (Gao & DeLuca 2016; Gao et al. 2019).
In much of the US Northwest, there are currently few appropriate options for the
handling of residual woody biomass from lumber mills or forest management activities
(i.e. timber harvest). Generating biochar from pyrolysis of mill waste or forest residuals
and applying it to nearby grassland or rangeland systems may therefore represent an
opportunity to benefit wood waste utilization while facilitating soil C and nutrient
management on site (McElligott et al. 2011). To date, there have been few studies that
evaluate the influence of wood biochar on soil biota, nutrient cycling, or nutrient
retention in western rangeland ecosystems.
Herein, I conducted a biochar field study on a semi-natural rangeland ecosystem
to evaluate how biochar, with or without organic fertilizer, affected soil N and P pools
and fluxes over a one-year period. Arid and semi-arid rangeland ecosystems in the
western USA are characterized by low yet variable precipitation with high evaporative
demand that limits nutrient mobility in soils (Blank et al. 2007). Therefore, the objectives
of this study were to evaluate how biochar addition to rangeland surface mineral soil
would affect N transformations involving reactive N production (i.e. N fixation),
conversion (i.e. nitrification), consumption (i.e. nitrous oxide reduction to dinitrogen),
and downward translocation; and affect the bioavailability of soil P and its downward
translocation over one growing season. I targeted shifts in microbial N functional gene
abundance to assess the relationship between microbial functional groups and N
processing rates by measuring the abundance of genes that encode enzymes directing the
rate-limiting steps in N cycling. Given that this semi-natural grassland ecosystem is
relatively productive and considered effective at soil N recycling, for N, I predicted that,
adding biochar to this grassland soil would result in a limited effect on any of the
microbial N processes or the inorganic N accumulation below surface soil as per previous
findings (DeLuca et al. 2006). For P, I predicted that, soil P bioavailability would be
increased following biochar applications due to its direct “P fertilization” effect (Gao et
al. 2019) and its positive effect on soil pH that have been reported elsewhere (Schaller et
al. 2015; Gao & DeLuca 2018); and the net accumulation of ortho-P below the surface
mineral soil would be less in biochar-treated soils compared to control most likely via its
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anion exchange capacity that were shown by many lab and field studies to date (DeLuca
et al. 2015b).

METHODS
Site description and study design
A field study was initiated in the summer of 2018 (early August) at three
independent sites (SSP: 47.05, -113.24; EPS: 47.07, -113.24; WPS: 47.07, -113.25)
located at Bandy Experimental Ranch, Ovando, MT, USA. The region has a temperate
continental climate, with an average annual precipitation of 400 – 460 mm. The wettest
months are May and June; and December, January, and February are commonly the
months of greatest snowfall. Mean temperature is 17˚C in July and -8˚C in January.
Growing season of the region is cool and short. The soils on the prairie portion of the
ranch are predominantly Typic Haplocryolls derived from glacial till deposits (NRCS,
USDA soil survey), with a gravelly sandy clay loam texture (~15% rock fraction, and
27% clay, 58% sand, and 15% silt in the mineral fraction).
Three replicated blocks (n = 3) were laid out at each of the three sites (N = 3).
Four treatment plots were laid out in each of the replicated blocks. All plots at all three
sites had similar aboveground species coverage dominated by Timothy-grass (Phleum
pratense), but with the common presence of rough fescue (Festuca campestris), Idaho
fescue (Festuca idahoensis), smooth bromegrass (Bromus inermis), yarrow (Achillea
millefolium), wild geranium (Geranium maculatum), and several sedge species (Carex
spp.). Since portions of the Bandy Experimental Ranch receive external organic fertilizer
due to cattle farming with hay production, we included an organic-fertilizer treatment in
addition to biochar treatment in our field study. Specifically, a full factorial design
consisting of biochar and organic fertilizer was established in each block where four
treatments included: 1) Control with no additional amendment; 2) Organic fertilizer: a
poultry litter based organic fertilizer (2:4:3 N-P-K) applied at 70 kg N ha-1; 3) Wood
biochar applied at 20 t ha-1; 4) A mix of poultry litter fertilizer and biochar (termed
charged-biochar, 70 kg N ha-1 + 20 t ha-1). Local irrigation water (containing no N or P)
was used to create a slurry of dry organic fertilizer and biochar in Treatment 4, while the
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same volume of water was also applied with the control, the poultry litter in Treatment 2
and the biochar in Treatment 3 (see Gao et al. (2016); Gao and DeLuca (2018) for more
details). Each treatment plot was 2 m by 2 m in size with 1.5 m buffer in between.
Treatments were applied to the surface soil and incorporated to approximate 5-10 cm
depth with a rake and tines of a pitchfork. The treatments were applied in early August
2018 with each treatment being randomly assigned to plots within each replication block,
resulting in a total of 36 treatment plots across all three sites (i.e. four treatments in each
block, three replicated blocks at each site, and three replicated sites). Biochar was
produced using charred wood waste from lumber mills of F.H. Stoltze Land & Lumber
Company (Columbia Falls, MT, USA) as a by-product from the electrical co-generation
plant (https://www.fhstoltze.com/; http://egenindustries.com/;
https://genesisbiochar.com/). The feedstock of wood biochar was a mixture of Douglas fir
(Pseudotsuga menziesii), western larch (Larix occidentalis), grand fir (Abies grandis),
subalpine fir (Abies lasiocarpa), and lodgepole pine (Pinus contorta). Biochar was press
processed to 1-2 cm diameter before application. Charcoal generation temperatures were
observed to be in the range of 450 - 550˚C (personal communication). Characteristics of
both poultry litter and biochar are summarized in Table S5.1a and S5.1b. Three sites used
in this study share similar background properties that are listed in Table 5.1.

Soil sampling and analyses
Soil samples were collected both early and late growing season to account for
shifts in competition between plants and soil microbes for certain belowground resources
(e.g. water and nutrients) which may change over the growing season. Four surface soil
subsamples (0 – 15 cm) were collected and composited to create a single sample from
each treatment plot early (May) and late (September) in the growing season of 2019.
Fresh soil samples were thoroughly homogenized and passed through a 2-mm sieve
before being analyzed for a series of physicochemical and biochemical variables. Soil pH
was determined on field-moist soil (1:1 v/v soil-to-DI water). Extractable NO3- -N and
NH4+ -N were determined by shaking fresh soil samples in 1M KCl for 30 minutes,
filtering through Whatman 42 filter papers, and the extractants analyzed by microplate-

115

colorimetric techniques using the vanadium-chloride method and salicylate-nitroprusside
method, respectively (Mulvaney et al. 1996). Potentially mineralizable N (PMN) was
measured using a 14 d anaerobic incubation method (Bundy & Meisinger 1994). Briefly,
5 g of field moist soil was immersed with 15 ml DI water in a centrifuge tube, the
headspace was then displaced with N2 gas to eliminate oxygen and the centrifuge tubes
were capped and incubated at 25°C for 14 days; samples were extracted and analyzed for
NH4+ using the method described above; the PMN was then calculated by subtracting
initial NH4+ (day 0) from that determined at the end of the incubation (day 14). Microbial
biomass N (MBN) was determined by fumigation extraction method with amino-N
determination by reaction with ninhydrin (Brookes et al. 1985). Nitrification potential
(soil microbial potential to nitrify NH4+) was determined on fresh soils using the aerated
slurry method described by Hart et al. (1994). Soil P status was determined using the
biologically based P (BBP) method which is designed to assess a suite of four plant P
acquisition strategies to evaluate P bioavailability in dynamic soil systems (DeLuca et al.
2015a). Briefly, 0.01 M CaCl2, 0.1 M citric acid, 0.2 EU ml-1 phosphatase enzyme, and 1
M HCl were used as extractants to emulate free soluble P, citrate extractable inorganic P
that is weakly clay-sorbed or bounded in inorganic precipitates, labile organic P readily
attacked by phosphatase enzymes, and moderately stable active inorganic P present in Pprecipitates (DeLuca et al. 2015a). Oven dried (70˚C) soil samples were ground, sieved
and analyzed for total C and N using a CHN analyzer (PE 2400 CHN Analyzer, Thermo
Fisher Scientific, Waltham, MA, USA). Each composite soil sample was considered as an
analysis unit (n = 36).

Soil DNA extraction and quantitative PCR
I assessed the influence of biochar on N2-fixation by free-living soil organisms
by measuring the relative abundance of bacterial amoA, nosZ, and nifH genes were
determined in soils collected both early and late in the 2019 growing season. I suggest
that the relative abundance of soil nifH gene can provide insights on ecosystem N2fixation given that few leguminous species exist on the field plots and both amoA and
nosZ were chosen partially because they encode enzymes directing the rate-limiting
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processes in N cycling (Kuypers et al. 2018). In this study, I anticipated to only examine
the final step of complete denitrification and did not particularly consider the
intermediate N processes producing NO or N2O, given that we gave the assumption that
these gaseous N forms were likely to be transformed into other reactive N forms and
being tightly recycled within the soil biota before leaving the semi-arid N-limited
ecosystem (Wedin 1996; Hooper & Johnson 1999). Numerous studies have also shown
that biochar addition to soil can effectively reduce the production of NO or N2O (Cayuela
et al. 2014), we therefore only examined functional genes that were of specific interests
to us here.
Total microbial genomic DNA was extracted from 0.25 g fresh soil samples using
the QIAGEN DNeasy PowerSoil Kit following the manufacturer’s instructions. The
quality of the extracted DNA was checked using electrophoresis in agarose gels (1% w/v
in TAE buffer) and the quantity was determined using a NanoDrop ND-1000 UV-vis
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Extracted soil DNA
was then stored at -20˚C prior to further manipulation.
Quantitative PCR (qPCR) was used to assess the relative abundance of bacterial
16s, fungal ITS, and specific N functional genes (bacterial amoA encoding bacterial
ammonia monooxygenase, nosZ encoding nitrous oxide reductase, and nifH encoding
nitrogenase reductase) in soil samples collected at both early and late seasons of 2019.
Primer sequences and qPCR thermal cycling conditions are listed in Table S5.2. All
qPCR reactions were conducted on a Stratagene Mx3000P qPCR Machine (Thermo
Fisher Scientific, Waltham, MA, USA), and all samples and controls (both positive and
negative) were assayed in triplicate. Each qPCR reaction mixture (20 µl) contained 10 µl
2x iTaq Universal SyBR Green Supermix (Bio-Rad, Hercules, CA, USA), 0.5 µl of each
primer, 3 µl of DNA, and 6 µl of Nuclease free water. At the end of each qPCR, melting
curve analysis was performed to ensure the target product was generated, and the product
was run on an agarose gel to confirm the correct size of specific target gene (16s 1500 bp,
ITS 600 bp, amoA 491 bp, nosZ 454 bp, and nifH 458 bp). All the qPCR amplification
data were auto-analyzed through the MxPro qPCR Software (Agilent Technologies)
where a certain threshold cycle (Ct) was used as the detection limit for a specific target
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gene. The relative abundance of the target gene was calculated using the ΔΔCt method
where 16s rRNA gene was used for normalization (Livak & Schmittgen 2001). A
comparative Ct method (Pfaffl 2004) was then used to calculate the fold change of the
relative abundance of each target gene in treatments compared to the control treatment
(fold change = 2^(- ΔΔCt)).

Net accumulation of nutrients below surface soil
To determine how biochar with or without poultry litter would affect the net
accumulation of nutrients below the surface mineral soil layer, we buried ionic-resin
capsules (UNIBEST Ag Manager, mixed anion and cation resin, UNIBEST International,
WA, USA) at approximately 25-30 cm soil depth at the center of each plot in early
August 2018. The resin capsules were retrieved by the end of May 2019 after remaining
in the soil for ten months. Nutrients captured in resin capsules were extracted sequentially
with three 10 ml aliquots of 0.5M HCl (Gao et al. 2016) and analyzed for NO3- and NH4+
by colorimetric methods as described above, and P, Al, Ca, Cu, Fe, K, Mg, Mn, Na, Ni,
S, and Zn were measured using an inductively coupled plasma optical emission
spectrometry (ICP-OES, Thermo Scientific 6300, Waltham, MA) as described elsewhere
(Soltanpour 1991).

Statistical analysis
Soil data collected at early (May) and late (September) growing season of 2019
were analyzed and presented separately. An analysis of variance (ANOVA) and Tukey’s
post-hoc test were carried out on individual soil parameters to examine the significance
of treatment effects with “treatment” serving as the fixed factor. “Site” and “replication
block” both served as random factors before the fixed factor and were removed whenever
they were not significant at P = 0.05. To better infer the statistical significance of each
treatment (poultry-litter, biochar, and charged-biochar) to control with estimated
uncertainty considered, we used the log response ratio (natural logarithm of “treatment”
value divided by “control” value) and 95% of confidence interval (Ho et al. 2019) to
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present the effect sizes of treatments across individual soil biochemical variables. A
principal component analysis (PCA) was performed on late-season soil data to elucidate
the dominant patterns in soil characteristics and investigate major components driving the
differentiation in soil processes one year following treatment incorporation. Several soil
variables were grouped or released to address our study interest and reduce the large
number of explanatory variables for the PCA model (e.g. the geometric mean of four
fractions of BBP was used in PCA as variable “BBP”, geometric mean of resin NO3- and
NH4+ was used in PCA as “N loss”). Significance for the PCA model, each axis and each
variable, was tested using Monte Carlo randomization tests; and the variable loadings
were presented by converting eigenvector coefficients to structure correlations (Legendre
& Legendre 1988). A permutation of analysis of variance (PERMANOVA) was
conducted on late season soil data (where Euclidean distance was chosen) to test for
differences in overall soil responses among treatments and controls. The significance of
the Pseudo-F value was tested via 999 random permutations. All data were tested for
homogeneity of variance and normality of residuals before analyses, and were logtransformed when necessary. All statistical analyses were performed in R (R Core Team
2016).

RESULTS
Soil biochemical responses
Biochar additions to a semi-natural grassland soil over a one-year period
significantly increased soil total C and the availability of soil biologically based P
(particularly citrate-P, enzyme-P, and HCl-P) regardless of whether biochar was used
alone or in combination with poultry litter (Figure 5.1). By contrast, the responses of soil
N (NH4+, NO3-, MBN, and PMN) varied differently across treatments and between
seasons (Figure 5.1).
During the early growing season of 2019 (late May), we observed a reduction in
soil NH4+ with an increase in soil MBN when biochar was applied alone, whereas no
significant change was detected in NH4+ or MBN when biochar was used with poultry
litter (Figure 5.1a). Soil NO3- response to treatments was variable with no overall
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treatment effects (over control) detected (Figure 5.1a). Soils amended with poultry litter
had relatively higher PMN, higher total N, and lower pH, while biochar had no
significant impact on these three variables during the early season of 2019 (Figure 5.1a,
Table 5.2).
There was no significant change in soil total N, NH4+, or MBN one year after
treatment applications during the late growing season (early September) sampling period
(Figure 5.1b, Table 5.2). Soil pH, however, increased significantly by 1.0 – 1.7 units by
biochar addition when either comparing biochar to control or comparing charged-biochar
to poultry-litter (Table 5.2). Biochar used alone significantly raised the pool size of soil
NO3- as well as soil nitrification potential (Figure 5.1b, Table 5.2). The charged biochar
treatment resulted in significantly higher anaerobic 14-d PMN compared to control soils
(Table 5.2). It is also important to note that all four fractions of soil BBP were
significantly higher in biochar-treated soils during the late growing season of 2019
(Figure 5.1b).

Bacterial 16s, fungal ITS, and N functional genes
We found that biochar additions resulted in little effect on the relative abundance
of bacterial 16s, but a significant positive effect on the relative abundance of fungal ITS
(Figure 5.2). This indicates a shift towards a fungal dominated microbial community in
soils amended with biochar one year after treatment. The relative abundances of the soil
bacterial amoA gene were significantly higher in all three treatments compared to those in
control soils in both early and late season, whereas there were no treatment effects
detected on the abundance of either nitrous oxide reductase nosZ or nitrogenase nifH
gene one year following treatment incorporation.

Net accumulation of nutrients below surface soil
The poultry litter treatment resulted in greater accumulation below surface soil for
soil NH4+ and P compared to that observed in control soils, and adding biochar to soil
receiving poultry litter slightly reduced those accumulations below surface soil (Table
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5.2, Figure S5.1). Biochar applied alone generally had no effect on the net accumulation
of most of the nutrients examined, except that soil P and S accumulations below the
surface mineral soil layer were significantly increased compared to controls (Figure
S5.1).

Relationships among soil variables
Much of the variance in soil responses was explained by the first two axes of the
PCA model (a total of 48% explained, Table 5.3), where all soil variables included in the
model had their structure coefficients greater than 0.55 and were significantly altered by
biochar additions (Figure 5.3; PERMANOVA comparing no biochar and biochar, Pseudo
F = 10.1, P < 0.001). Overall, soil pH, NO3-, fungal ITS and amoA abundance,
nitrification potential, and biologically based P were identified as parameters most
sensitive to treatment incorporation among all variables examined in this study (Figure
5.3). Soil pH had a relatively high structure coefficient (0.65) on axis 1 (and -0.58 on axis
3) and was highly positively correlated with nearly all variables pointing at the biochar
and charged-biochar direction. Among soil biologically based P, three out of four
fractions showed high positive correlations with soil pH across treatments (Figure 5.4).
Soil NH4+, as well as N net accumulation below surface biochar and mineral soil layer,
were identified to be most sensitive to poultry litter addition, and were negatively
correlated with the rest of the soil variables in the ordination space (Figure 5.3, Table
5.3).

DISCUSSION
Response of soil nitrogen to biochar
The findings reported above imply no overall negative response in soil N
availability following biochar application to a semi-natural rangeland soil of the US
Inland Northwest. Despite a neutral to negative response of soil NH4+ to biochar or
charged biochar, soil NO3- concentrations responded positively to biochar and there was
no significant increase in NH4+ or NO3- accumulation at 25 – 30 cm below soil surface
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one year after biochar additions when compared to controls (Figure 5.1, Table 5.2). The
slight reduction in soil NH4+ pool and an increase in soil microbial biomass with biochar
application at early season were most likely due to an elevated microbial C and N
demand driven by biochar additions, given that wood biochar used here had very limited
amount of labile C or N that would possibly trigger the microbial incorporation of C and
N from resident organic matter (Kuzyakov 2010). Contrary to what was predicted, I
observed a significant increase in nitrification potential, amoA abundance, and soil NO3pool built-up at late season in response to biochar, all of which provided strong evidence
demonstrating that biochar used alone was able to help accelerate the conversion of NH4+
to NO3- which might potentially benefit non-mycorrhizal species that benefit from N
uptake via mass-flow (Davidson et al. 1990) and consequently the N nutrition in this
rangeland system. Previous studies using N isotope tracers have also demonstrated that P.
pretense, the dominant grass species in my study site, tended to have a higher NO3absorption rate than NH4+ or glycine in natural grassland systems (Näsholm et al. 2000).
Therefore, the reduction in soil NH4+ to biochar and the finding that soil NO3- pool did
not build up under greater amoA abundance at early season (Table 5.2) could also simply
be a result of greater NH4+ consumption by nitrifiers and coupled active inorganic N use
by grasses (Masclaux-Daubresse et al. 2010).
Previous studies conducted on forest or grassland soils have shown muted
responses of the soil NO3- pool or net nitrification rate to biochar addition either in situ or
under the addition of NH4+ in lab as substrate for nitrifiers. The authors argued that these
soils showed little or no response to biochar additions, because the nitrifying microbial
communities were already highly active (MacKenzie & DeLuca 2006; Gao & DeLuca
2019). It is important to note that those studies have been conducted on pH-neutral soils
while the soil used here in my study was somewhat acidic (Table 5.1) and soil pH was
consistently raised by biochar additions (Figure 5.3, Table 5.2) which may have
stimulated the nitrifying community. Here, I argue that the shifts in soil pH with biochar
applications move the soil towards a more optimal range for bacterial nitrifiers (Xu et al.
2013; Li et al. 2018) which are most likely responsible for the majority of N-related
responses observed in my study (Figure 5.3, Table 5.3). Wood biochar might have sorbed
or reduced the activity of natural nitrification inhibitors (e.g. terpenes) thereby indirectly
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favoring nitrifying communities, similar to the findings reported for post-fire soil
nitrifying communities interacting with fire-derived charcoal (DeLuca & Sala 2006;
MacKenzie et al. 2006; Ball et al. 2010). Greater soil porosity and moisture retention by
biochar additions might simultaneously promote the substrate diffusion rate and thus the
activity of nitrifying bacteria (Stark & Firestone 1995). Alternatively, wood biochar itself
might have directly acted as an “electron shuttle” (Saquing et al. 2016; Sun et al. 2017)
that affected microsite redox potential and subsequently impacted the process of
autotrophic nitrification.
Soils with higher nitrification rates also seemed to also have higher N2 production
from N2O potential (as inferred from the positive response of the relative abundance of
nosZ encoding N2O reductase, Figure 5.3). In my study, biochar with or without organic
fertilizer generally had no significant effect on the potential of either the N loss through
N2O to N2 or external N gain via biological N fixation associated with free-living
diazotrophs (Figure 5.2), a finding consistent with my hypothesis and many previous
studies (Xiao et al. 2019). I expected that there would be little NO and/or N2O net
generation in my soils in response to biochar despite of occasionally some wet
conditions, given that an accelerated surface soil nitrification would require aerobic
conditions (Norton & Stark 2011). It is somewhat surprising that the accelerated
nitrification in surface soils did not result in a greater accumulation of NO3- collected in
resin capsules at 30 cm under the biochar treatments (Figure 5.1, Table 5.2). It is possible
that NO3- produced under an accelerated nitrification rate in biochar-treated surface soils
was directly taken up by plants and microbes, or transformed to other forms via
dissimilatory pathways with decreasing redox potential. Gaseous forms of N could be
held in the pores of particulate biochar along the vertical movement, consequently
resulting no significant differences in resin NO3- between control and biochar-treated
soils. Overall, biochar applied alone to rangeland soils could thus result in a net neutral to
a positive effect on N availability at the ecosystem scale. My study also showed that
inorganic N accumulation below surface soil was most directly influenced by the addition
of external N (organic fertilizer) rather than biochar (Figure 5.3). However, charged
biochar, (biochar mixed with poultry litter), increased PMN (Table 5.2) and nitrification
(Figure 5.2) possibly by providing both sufficient substrate (NH4+) and optimal pH (and
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others) for nitrifying communities (Ouyang et al. 2016). Therefore, wood biochar used in
conjunction with organic fertilizer could be a promising approach in conserving C while
retaining organic N inputs and promoting inorganic N availability on acidic temperate
rangeland soils.

Response of soil phosphorus to biochar
My study demonstrated that wood biochar used alone strongly increased soil P
bioavailability, but inconsistent with my hypothesis, also increased the net accumulation
of available P below surface mineral soil layer (Figure 5.1, Table 5.2). This combined
with my observation of increased sulfur accumulation on resins at 30 cm (Figure S5.1)
suggests that the anion exchange capacity (AEC) of wood biochar used here might not
increase phosphate (PO43-) or sulfate (SO42-) retention at surface soils (Taghizadeh-Toosi
et al. 2011). It is also possible that the AEC of biochar might be significantly reduced
over one year of biochar physiochemical aging in soil, which was demonstrated in
previous studies conducted on cellulose biochar produced at ~500˚C, similar to what was
used in my study (Lawrinenko & Laird 2015; Lawrinenko et al. 2016). Alternatively,
macropores created with particulate biochar applications might have allowed vertical
transport of anions (Major et al. 2010), where PO43- and SO42- were found to accumulate
in resins whereas NO3- underwent transformations as argued above. Given that the study
site was not found to be specifically limited by P (Black 1968; Thorpe et al. 2006), it is
not surprising to find that the biochar-induced soil BBP was not retained within the
system. However, the practice of biochar addition (alone) might still potentially benefit
plant and/or microbial communities given that soil pH was temporarily raised to an
optimal range favoring P solubility (Figure 5.4).
The charged biochar treatment promoted the retention of P while similarly
increasing the BBP in topsoils (Figure 5.1, 3, Table 5.2). This finding might be associated
with some spectroscopic and microscopic evidence reported elsewhere showing that the
total capacity for a charged biochar to retain anions was significantly higher than that of
organic fertilizer alone, non-charged biochar, or those two numbers simply combined
(Joseph et al. 2018). The wood biochar used here contains almost no N, but some P

124

(Table S5.1b and S5.1c) and may significantly lower bulk soil N:P when used alone (as
such that lower than microbial average N:P, Cleveland and Liptzin (2007)). Resident soil
microbial communities would consequently exert an low N:P recycling pattern where N
would more likely to be immobilized (Figure 5.1) while P would be lost from the system
(Table 5.2), according to the consumer-driven nutrient recycling theory (ZechmeisterBoltenstern et al. 2015). Similarly, the N supply in soil is more likely to match P supply
when biochar is used with an organic fertilizer causing P likely to be retained in surface
soils prior to being translocated.
It is important to note that the BBP content of biochar only accounted for ~0.11.1% (on a mass/area basis) of the total soil BBP when soil was treated with biochar
(Table S5.1c). Therefore, biochar may have indirectly stimulated soil P availability and
that possibly shuffled some of the “temporary unavailable P” to “bioavailable P” pools
(Gao & DeLuca 2018). An increased enzyme-P pool under biochar could simply be
associated with an accelerated microbial turnover with microbial necromass containing
labile organic P (Turner et al. 2005). Similarly, citrate- and HCl-P pools (inorganic P
weakly to moderately sorbed to clay particles and precipitates) both positively responded
to biochar additions regardless of additional organic fertilizer (Figure 5.1), where biochar
functional groups could have been involved in ligand-exchange reactions releasing some
P from other “unavailable” P pools (Chintala et al. 2014). Alternatively, more P was
desorbed from “unavailable” pools along a shifting soil pH (Schneider & Haderlein 2016)
that was altered by biochar (Figure 5.4). Interestingly, some of the positive biochar effect
on soil P bioavailability disappeared when used in conjunction with an organic fertilizer
or at the late growing season, in particular the enzyme-P fraction (Figure 5.1). This may
be due to a lower capacity for biochar to adsorb and retain resident organic P compounds,
when biochar either resides in soil over a longer period of time or has an existing coating
(e.g. organic fertilizer) on its surface reducing the ability to sorb others. Alternatively,
compared to early season where plants P acquisition strategies were not fully developed,
plants and microbes may be more effective at P uptake in the late growing season.
Charged biochar might have significantly increased soil P compared to poultry litter
alone at the late season, yet this surplus P was being assimilated effectively resulting in a
limited significant response in soils. It is also possible that better soil moisture retention
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by adding charged biochar has helped soil P retention and diffusion towards plant roots,
which further contributed to P uptake and consequently reduced the significance of soil P
responses to charged biochar at the late growing season.
A significant positive soil P response and a relatively neutral soil N response
following one year of biochar addition in my field trial (Table 5.2) might have
contributed to the shift towards a fungal dominated microbial community (Figure 5.2).
Previous studies conducted on grassland soils have found a relatively lower mean molar
N:P ratio for fungi than bacteria (Mouginot et al. 2014) and reported a negative
relationship between soil N:P ratio and fungal:bacterial ratio (de Vries et al. 2006). Here,
the fungal community would be expected to have a higher relative P requirement than the
bacterial community (Sterner & Elser 2002), however, this assumption contradicted
findings in other studies (Güsewell & Gessner 2009; Zhang & Elser 2017). Biochar might
have directly promoted the fungal mycelial networks favoring grass rhizosphere
processes (Hammer et al. 2014). The response of the fungal community to biochar could
also simply be a side-effect of plant root responses to biochar, where the shift in soil
moisture and pH afforded by the biochar addition lent to signals towards physiological
changes in roots, and consequently their fungal partners (Kammann & Graber 2015).
Nevertheless, it remains unknown whether the response of microbial community or soil
N or P to biochar remains stable over time, or how plant community composition or
ecosystem function respond to biochar over long term.

Implications for management
The addition of biochar with or without poultry litter in an acidic, semi-natural
temperate rangeland soil stimulated soil nitrification without further increasing inorganic
N accumulation below surface soils. And although biochar significantly increased surface
soil BBP, the total soluble P collected on resins at 30 cm depth was also promoted when
biochar was applied without an N source. This effect on net P accumulation below
surface soil could be reduced by incorporating the fertility source to biochar prior to
application, where charged biochar amendment strongly increased the bioavailability of P
with no significant effect on accumulation of P at depth. Charged biochar also helped
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retain soil PMN and total N and promoted nitrification without noted accumulation of
inorganic N at depth. These results indicate that wood biochar used in combination with
an organic fertilizer (or an internal nutrient source, e.g. livestock waste) represent an
alternative to other organic amendments (such as compost) and could work efficiently at
retaining soil nutrients and storing biomass C in a semi-natural rangeland ecosystem.
The lack of agricultural by products in this region, combined with the common
need for woody fuel reduction make biochar generation from woody residues an effective
alternative to compost as a high C soil amendment. Storage of biomass C as biochar that
would otherwise be commonly considered waste and likely pile burned in the region
could provide an array of abiotic and biotic benefits that may prove differentially
valuable depending on the site constraints and that year’s conditions. Unlike inorganic
fertilizer, biochar does not provide a single, static benefit for a given set of time, rather it
imparts a change in the physiochemical character of surface soils that may increase N
availability when moisture is abundant (Gao et al. 2016), or improve moisture retention
during a drought year (Ali et al. 2017), or increase nutrient retention when moisture is in
excess (Jeffery et al. 2017). In a fertile agricultural system, wood biochar may not induce
an N response, but instead promote soil moisture and the retention of other nutrients (e.g.
P, Fe, Ca) in the short term (Gao et al. 2017; Gao & DeLuca 2018). In a less fertile, yet
resilient rangeland ecosystem like the grassland examined here, wood biochar may
participate in various soil internal nutrient cycling processes that over time may increase
the mobility of soil N and P and potentially benefiting biological nutrient assimilation.
This variable benefit makes biochar a long-term investment in soil tilth and fertility
rather than an annual treatment to achieve a specific nutrient objective. The lack of tillage
in rangeland ecosystems create challenges for the implementation this practice, but when
combined with intensive grazing regimes, resulting localized manuring and
biopedoturbation would potentially improve the efficacy of such treatments.
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TABLES

Table 5.1 Soil physical and biochemical properties of study site at Bandy Experimental
Ranch, Ovando, MT, USA.
Parameter

Value

pH (1:1 v/v soil-to-DI water)

5.72 ± 0.40

Total C

59.0 ± 0.9 g kg-1

Total N

4.58 ± 0.15 g kg-1

NH4+ -N

3.75 ± 0.70 mg kg-1

NO3- -N

0.12 ± 0.03 mg kg-1

Microbial biomass N

182 ± 11 mg kg-1

Potentially mineralizable N

7.70 ± 1.67 g kg-1 14d-1

Nitrification potential

137 ± 15 g NO3- -N kg-1 h-1

CaCl2-P

4.95 ± 1.41 mg kg-1

Citrate-P

57.6 ± 17.8 mg kg-1

Enzyme-P

30.0 ± 5.6 mg kg-1

HCl-P

289 ± 23 mg kg-1
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Table 5.2 Soil physical, biochemical properties, and nutrient accumulation below surface soil as determined by accumulated nutrients
in resin capsules in response to poultry litter, biochar, and charged biochar one year following additions to soil at Bandy Experimental
Ranch, Ovando, MT, USA. Data are presented as mean ± standard error (n = 3). Numbers with the same letter are not significantly
different at p = 0.05 and no letter following the numbers indicate no significant differences among treatments at p = 0.05. Variables
with significant biochar effect are in bold. Abbreviations: PMN – Potentially mineralizable nitrogen.

Soil variable

pH

Total C

Total N

g kg-1

unit

PMN

NO3- -N

mg kg-1 14d-1

mg kg-1

Microbial
biomass N

NH4+ -N

mg kg-1

Season

Early

Late

Early

Late

Early

Late

Early

Late

Early

Late

Early

Late

Early

Late

Control

5.72a
± 0.50

6.60b
± 0.18

59.0a
± 0.9

60.7a
± 0.8

4.58a
± 0.15

4.26 ±
0.20

7.70a
± 1.67

8.70a
± 1.60

0.12ab
± 0.08

0.3a ±
0.09

3.75a
± 0.70

4.67 ±
1.24

182a ±
11

100 ±
12

Poultry litter

5.14b
± 0.14

6.11a
± 0.10

65.3b
± 1.2

62.3a
± 2.3

5.73b
± 0.51

4.53 ±
0.55

13.1b±
1.59

8.50a
± 2.44

0.07a
± 0.02

0.34a
± 0.04

3.61a
± 0.38

4.40 ±
0.04

177a ±
23

98.3 ±
8.7

Biochar

6.17a
± 0.23

7.57c
± 0.17

70.8c
± 4.4

71.9b
± 3.5

4.85a
± 0.23

4.35 ±
0.33

6.21a
± 0.36

8.25a
± 1.56

0.16b
± 0.07

0.48b
± 0.03

2.45b
± 0.31

4.20 ±
0.85

207b ±
13

111 ±
15

Charged biochar

6.39a
± 0.28

7.84c
± 0.19

69.5c
± 1.8

70.2b
± 1.4

5.70b
± 0.21

4.70 ±
0.13

13.7b
± 0.77

10.30b
± 3.40

0.15b
± 0.05

0.44b
± 0.10

3.31a
± 0.61

4.19 ±
1.14

192ab
± 25

102 ±
17

133

Table 5.2 Continued.

Soil variable

CaCl2-P

Citrate-P

Enzyme-P

HCl-P

mg kg-1

Nitrification
potential

Resin NO3- N

g NO3- -N
kg-1 h-1

µg capsule-1

Resin NH4+ N

Resin P

Season

Early

Late

Early

Late

Early

Late

Early

Late

Late

Control

4.95a
± 1.41

5.30a
± 3.84

57.6a
± 17.8

173a
± 49.1

30.0a
± 5.60

44.7a
± 19.3

289a
± 22.9

444a
± 129

138a ± 25.4

4.72 ± 2.11

15.92a ±
1.72

41.4a ± 14.2

Poultry litter

8.81b
± 3.99

8.94b±
2.52

78.7b
± 16.4

530b
± 120

50.4b
± 20.7

100b
± 26.4

320ab
± 18.2

839b
± 67.8

158ab ± 13.7

4.50 ± 0.98

33.55b ±
9.80

98.0b ± 26.0

Biochar

5.82a
± 1.06

16.5c
± 6.88

118c
± 6.99

850c
± 24.2

75.4c
± 11.7

100b
± 22.0

375b
± 6.5

1276c
± 69.1

186b ± 18.3

4.13 ± 1.89

11.14a ±
2.33

127c ± 9.03

Charged biochar

6.55b
± 2.23

18.4c
± 6.86

139c
± 6.80

945c
± 68.6

100d
± 6.30

92.2b
± 34.1

378b
± 9.5

1386c
± 97.6

179b ± 35.0

3.25 ± 1.05

16.88a ±
5.93

86.3b ± 15.3
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Table 5.3 Structure correlation coefficients derived from principal component analysis of
selected soil parameters measured in a field study at Bandy Experimental Ranch,
Ovando, MT, USA. Variables with coefficients < 0.55 are not shown.

Variable

Axis 1
(35% explained, p <
0.001)

pH

0.65

NO3-

0.64

NH4+

-0.56

Axis 2
(13% explained, p <
0.05)

-0.58

N loss (resin N)

-0.55

P loss (resin P)

0.59

BBP

0.79

ITS

0.64

amoA

0.62

Nitrification potential

0.65

nosZ

0.65

Axis 3
(12% explained, p <
0.1)

135

FIGURES
Soil physio and biochemical properties (pH,
(a) C, N, P, and microbial biomass N)
3.0
Total C

Total N

NH4+-N

NO3- -N

pH

MBN

PMN

CaCl 2-P

Citrate-P

Enzyme-P

HCl-P

2.5

log (response ratio) ± 95% CI

2.0
1.5
1.0
0.5
0.0

0.5

5.5

10.5

15.5

20.5

25.5

30.5

-0.5
-1.0
-1.5

Ch

Po
u

lt r
y

lit t
e
Bio r
ar g
ch
ar
ed
b io
ch
ar
Po
u lt
ry
lit t
e
Bio r
Ch
ar g
ch
ar
ed
b io
ch
ar
Po
u lt
ry
lit t
e
Bio r
Ch
ar g
ch
ar
ed
b io
ch
ar
Po
u lt
ry
lit t
e
Bio r
Ch
ar g
ch
ar
ed
b io
ch
ar
Po
u lt
ry
lit t
er
Bio
Ch
ar g
ch
ar
ed
b io
ch
ar
Po
u lt
ry
lit t
er
Bio
Ch
ar g
ch
ar
ed
b io
ch
Po
ar
u lt
ry
lit t
er
Bio
Ch
ar g
ch
ar
ed
b io
ch
ar
Po
u lt
ry
lit t
e
Bio r
Ch
ar g
ch
ar
ed
b io
ch
ar
Po
u lt
ry
lit t
e
Bio r
Ch
ar g
ch
ar
ed
b io
ch
ar
Po
u lt
ry
lit t
e
Bio r
Ch
ar g
ch
ar
ed
b io
ch
ar
Po
u lt
ry
lit t
er
Bio
Ch
ar g
ch
ar
ed
b io
ch
ar

-2.0

Soil physio and biochemical properties (pH,
(b) C, N, P, and microbial biomass N)
3.0

Total C

Total N

NH4+-N

NO3- -N

2.5

Nitrification
potential

pH

MBN

PMN

CaCl 2-P

Citrate-P

Enzyme-P

HCl-P

log (response ratio) ± 95% CI

2.0
1.5
1.0
0.5
0.0

0.5

5.5

10.5

15.5

20.5

25.5

30.5

35.5

-0.5
-1.0

Ch

Po
u

lt r
y

-2.0

lit t
e
Bio r
ar g
ch
a
ed
b io r
ch
ar
Po
u lt
ry
lit t
er
Ch
Bio
ar g
ch
ar
ed
b
Po ioch
ar
u lt
ry
lit t
e
Ch
Bio r
ar g
ch
a
ed
b io r
ch
ar
Po
u lt
ry
lit t
er
Ch
Bio
ar g
ch
a
ed
b io r
ch
Po
ar
u lt
ry
lit t
e
Ch
Bio r
ar g
ch
a
ed
b io r
ch
ar
Po
u lt
ry
lit t
er
Ch
Bio
ar g
ch
ar
ed
b
Po ioch
ar
u lt
ry
lit t
er
Ch
Bio
ar g
ch
a
ed
b io r
ch
ar
Po
u lt
ry
lit t
er
Ch
Bio
ar g
ch
a
ed
b io r
ch
Po
ar
u lt
ry
lit t
e
Ch
Bio r
ar g
ch
a
ed
b io r
ch
ar
Po
u lt
ry
lit t
er
Ch
Bio
ar g
ch
ar
ed
b
Po ioch
ar
u lt
ry
lit t
e
Ch
Bio r
ar g
ch
a
ed
b io r
ch
ar
Po
u lt
ry
lit t
er
Ch
Bio
ar g
ch
a
ed
b io r
ch
ar

-1.5

Figure 5.1 Effects of poultry litter, biochar, or charged biochar on soil biochemical
variables at (a) early or (b) late growing season of 2019 at Bandy Experimental Ranch,
Ovando, MT, USA. Data are presented as logarithmic response ratios ± 95% confidence
intervals (n = 9). The response ratio is defined as the value of specific soil variable in
treatment plot divided by that in control plot. Overlapped error bars indicate that
treatments are not statistically significant from each other. Abbreviations: MBN –
microbial biomass nitrogen, PMN – potentially mineralizable nitrogen.
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Figure 5.2 Fold change in relative abundance of bacterial 16s, fungal ITS, bacterial
amoA, nosZ, and nifH gene in poultry litter, biochar, or charged biochar over control at
(a) early or (b) late growing season of 2019 at Bandy Experimental Ranch, Ovando, MT,
USA. Data are presented as mean ± 95% confidence intervals (n = 9). Overlapped error
bars indicate that treatments are not statistically significant from each other.
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Figure 5.3 Principle component analysis (PCA) ordination of selected soil biochemical
and microbial parameters 1-yr following poultry litter, biochar, and charged biochar
incorporation in a field study at Bandy Experimental Ranch, Ovando, MT, USA. Vectors
(soil variables) sharing similar functions in shaping overall soil multifunctionality were
grouped to reduce ordination complexity: ‘Resin-N’ is the geometric mean of resin NO3-N and Resin NH4+ -N; ‘BBP’ is the geometric mean of individual biologically based P
(BBP) fractions. Vectors having structure coefficients < 0.65 were excluded from the
ordination plot.
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Figure 5.4 Correlations (Pearson’s r, P-value) between soil pH and soil (a) CaCl2-P, (b)
Citrate-P, (c) Enzyme-P, and (d) HCl-P across treatments one year following application
at Bandy Experimental Ranch, Ovando, MT, USA.
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SUPPLEMENTARY INFORMATION

Table S5.1 (a) Characteristics of the poultry litter based organic fertilizer used in this study.

Poultry litter

Total C

Total N

P2O5 (%)

K2O

Mg

12.7%

2% (0.38% water soluble N,
1.62% water insoluble N)

4%

3.0%

0.6%

(b) Characteristics of the wood biochar used in this study.

Biochar

pH

Bulk
density

Total C

Total N

Total P

Ca

K

S

Mg

Mn

Fe

Zn

Cu

9.34

0.165 g
cm-3

595 g
kg-1

0.8 g
kg-1

2.3 mg
g-1

35.3 mg
g-1

9.1 mg
g-1

0.9 mg
g-1

3.7 mg
g-1

1.4 mg
g-1

2.6 mg
g-1

0.2 mg
g-1

24.3 mg
g-1
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Table S5.1 Continued.
(c) Biologically based phosphorus (BBP), total C, N, and inorganic N in biochar used in this study.

CaCl2-P

Citrate-P

Enzyme-P

HCl-P

Total C

Total N

NO3- -N

NH4+ -N

Biochar C, N, or P
concentration

0.48 mg kg-1

22.9 mg kg-1

30.0 mg kg-1

23.9 mg kg-1

595 g kg-1

0.8 g kg-1

Below
detection

0.14 mg kg-1

C, N, or P introduced
by biochar in field trial

0.96 mg m-2

45.8 mg m-2

60.0 mg m-2

47.8 mg m-2

1190 g m-2

1.6 g m-2

0 mg m-2

0.28 mg m-2

Biochar C, N, or P in D
Soil C, N, or P (D: the
absolute amount of soil
C, N, or P in treated
plot subtract that in
control plot)

< 0.1%

< 0.1%

~1.1%

< 0.1%

~100%

< 5%

0%

< 0%
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Table S5.2 Primers and thermal cycling conditions used to target bacterial 16s, fungal
ITS, bacterial amoA, nosZ, and nifH genes in qPCR to evaluate the influence of poultry
litter, biochar, and charged biochar amendments on soils of Bandy Ranch, Ovando, MT.

Target

Primers (F/R)

Thermal cycling
conditions

References

16s

27F: AGAGTTTGATCCTGGCTCAG
1492R: ACGGCTACCTTGTTACGACTT

94°C-5 min; 24x
(94°C-60s, 58°C60s, 72°C-120s);
72°C-10min

Lane (1991)

ITS

1F: CTTGGTCATTTAGAGGAAGTAA
4R: TCCTCCGCTTATTGATATGC

95°C-3min; 30x
(95°C-30s, 55°C30s, 72°C-45s);
72°C-10min

Gardes and
Bruns (1993)

amoA

1F: GGGGTTTCTACTGGTGGT
2R: CCCCTCGGCAAAGCCTTCTTC

95°C-5min; 40x
(95°C-30s, 55°C30s, 72°C-60s);
72°C-10min

Nicolaisen and
Ramsing (2002)

nosZ

F: CGYTGTTCMTCGACAGCCAG
R: CGSACCTTSTTGCCSTYGCG

95°C-5min; 40x
(95°C-10s, 60°C60s); 72°C-10min

Henry et al.
(2006)

nifH

F: AAAGGYGGWATCGGYAARTCCACCAC
R: TTGTTSGCSGCRTACATSGCCATCAT

95°C-5min; 40x
(95°C-45s, 55°C45s, 72°C-45s);
72°C-10min

Laguerre et al.
(2001)

References
Gardes, M. & Bruns, T.D. (1993). ITS primers with enhanced specificity for basidiomycetes-application to the identification of mycorrhizae and rusts. Mol. Ecol., 2, 113–8.
Henry, S., Bru, D., Stres, B., Hallet, S. & Philippot, L. (2006). Quantitative detection of the nosZ
gene, encoding nitrous oxide reductase, and comparison of the abundances of 16S rRNA,
narG, nirK, and nosZ genes in soils. Appl. Environ. Microbiol., 72, 5181–5189.
Laguerre, G., Nour, S.M., Macheret, V., Sanjuan, J., Drouin, P. & Amarger, N. (2001). Classification
of rhizobia based on nodC and nifH gene analysis reveals a close phylogenetic relationship
among Phaseolus vulgaris symbionts. Microbiology, 147, 981–993.
Lane, D.J. (1991). 16S/23S rRNA Sequencing. Nucleic acid Tech. Bact. Syst., 115–175.
Nicolaisen, M.H. & Ramsing, N.B. (2002). Denaturing gradient gel electrophoresis (DGGE)
approaches to study the diversity of ammonia-oxidizing bacteria. J. Microbiol. Methods, 50,
189–203.
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Figure S5.1 Cumulative nutrients below surface biochar and mineral soil layer as determined by burying resin capsules at 25 - 30 cm
depth following one-year treatment application at Bandy Experimental Ranch, Ovando, MT, USA. Data are presented as mean ±
standard error (n = 3). Numbers with the same letter are not significantly different at p = 0.05, and ‘ns’ indicates no significant
differences among treatments at p = 0.05.
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CONCLUSION
This dissertation provides an intriguing set of observations demonstrating the
potential of using locally produced wood biochar as a bio-enhancing soil amendment in
the Northwestern USA. Applying wood biochar alone on agricultural or rangeland soils
generally appears to result in only a modest effect on soil N (Chapter 2 and 5), unless
applied in combination with an organic fertilizer in which case the combined application
generates synergistic effect on soil N availability and reduced N leaching potential
(Chapter 1, 2, and 5). Biochar applied with organic fertilizer represents an opportunistic
practice to promote soil N retention and biota N nutrition (Chapter 2) and potentially
increase fertilizer use efficiency. Biochar applications generally resulted in a positive
effect on soil P across all scenarios, likely as a function of unique properties of individual
forms of wood biochar and possibly more associated with abiotic P mobilization
processes over biotic mechanisms, although this requires further investigation (Chapter 1,
2, 3, and 5). Slight acidic soils appear to benefit from wood biochar addition given the
multi-functionality of reduced acidity in nutrient cycling when comparing acidic soils to
pH-neutral or alkaline soils. This is particularly true for soil P bioavailability and the
process rate of nitrification (Chapter 1 and 5). Compared to results found in studies
conducted under a wider spatiotemporal scale (i.e., plot-scale across a few months or a
year, Chapter 2, 3, and 5), my work conducted at a fine spatiotemporal scale (i.e. mm-tocm over days) yielded somewhat different results where biochar immediately accelerated
soil solution N flux rates in a temperate mixed-forest soil that features a similar sandy
loam texture and a neutral soil pH (Chapter 4). The inconsistency in findings across
studies may be associated with the differences in the nature of the interactions between
biochar and soil native litter chemistry; however, this is more likely a result of the
dynamism of the responses of nutrient pools and fluxes to biochar additions across
different scales.
Overall, based on the studies across multiple ecosystem types and spatiotemporal
scales described in this dissertation, I conclude that, biochar production and soil
incorporation should not be only considered as a way to create a net ecosystem C sink,
enhance soil nutrient status, and potentially improve plant productivity and quality, but
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instead is also a means of utilizing the abundant forest biomass that is annually produced
through forest harvest residues or hazard fuel reduction treatment in order to reduce
wildfire risk and improve forest health. Storage of biomass C as biochar that would
otherwise be commonly considered waste and likely pile burned in the region could
provide an array of abiotic and biotic benefits that may prove differentially valuable
depending on the site constraints and that year’s conditions. Unlike inorganic fertilizer,
biochar does not provide a single, static benefit for a given set of time, rather it imparts a
change in the physiochemical character of surface soils that may increase N availability
when moisture is abundant, or improve moisture retention during a drought year, or
increase soil nutrient retention and reduce anaerobic conditions when moisture is in
excess. In a fertile agricultural system, wood biochar may not induce any N response, but
instead promote soil moisture and the retention of other nutrients (e.g. P, Fe, Ca) in the
short term. In less fertile, yet resilient semi-natural rangeland ecosystem like that
examined here, wood biochar may participate in various soil internal nutrient cycling
processes that over time may increase the mobility of soil N and P and potentially
benefiting biological nutrient assimilation. This variable benefit makes biochar a longterm investment in soil tilth and fertility rather than an annual treatment to achieve a
specific nutrient objective.

145

